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Abstract

Coastal eutrophication and hypoxia remain a persistent environmental crisis despite the great efforts
to reduce nutrient loading andmitigate associated environmental damages. Symptoms of this crisis
have appeared to spread rapidly, reaching developing countries inAsiawith emergences in Southern
America andAfrica. The pace of changes and the underlying drivers remain not so clear. To address
the gap, we review the up-to-date status and mechanisms of eutrophication and hypoxia in global
coastal oceans, upon which we examine the trajectories of changes over the 40 years or longer in six
model coastal systems with varying socio-economic development statuses and different levels and
histories of eutrophication. Although these coastal systems share common features of eutrophica-
tion, site-specific characteristics are also substantial, depending on the regional environmental
setting and level of social-economic development along with policy implementation and manage-
ment. Nevertheless, ecosystem recovery generally needs greater reduction in pressures compared to
that initiated degradation and becomes less feasible to achieve past norms with a longer time
anthropogenic pressures on the ecosystems. While the qualitative causality between drivers and
consequences is well established, quantitative attribution of these drivers to eutrophication and
hypoxia remains difficult especially when we consider the social economic drivers because the
changes in coastal ecosystems are subject to multiple influences and the cause–effect relationship is
often non-linear. Such relationships are further complicated by climate changes that have been
accelerating over the past few decades. The knowledge gaps that limit our quantitative and
mechanistic understanding of the human-coastal ocean nexus are identified, which is essential for
science-based policymaking. Recognizing lessons from pastmanagement practices, we advocate for
a better, more efficient indexing system of coastal eutrophication and an advanced regional earth
system modeling framework with optimal modules of human dimensions to facilitate the develop-
ment and evaluation of effective policy and restoration actions.
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Impact statements

Nutrient loading (notably nitrogen and phosphorus) to coastal oceans from food production, fossil fuel burning, aquaculture operations,
and wastewater from humans, livestock, and industry has accelerated during the past decades, causing over-enrichment of nutrients, or
eutrophication. Eutrophication degrades coastal water quality with two most common symptoms, hypoxia and harmful algal blooms,
creating profound ecological and societal consequences such as biodiversity decline, seagrass loss, coral bleaching, fish kills and marine
mammal mortalities, and human health threats. Such marine pollution symptoms have persisted although billions of dollars have been
invested in both research and management as well as efforts of restorations in many developed countries. Consequently, we are still
witnessing trends in the expansion of coastal eutrophication and hypoxia from developed regions into developing regions. Though the
limited efficacy of mitigation witnessed so far suggests the complexity of the issue, we contend that closing the knowledge gaps in the
causality between eutrophication and hypoxia is essential and crucial towards making science- and evidence-based policies. We recognize
that the non-linear cause–effect relationship in coastal marine ecosystem degradation caused by multi-stressors is complex. The strength
and synergistic effect of multiple driving forces of coastal eutrophication is dependent on regional geographic feature, economic
development, and societal management, while the long-term trends of eutrophication and hypoxia are subject to the control of the trends
in nutrient loadings and physical dynamics under a changing climate. This review also examines lessons from past eutrophication
management practices, and advocates for a better, more efficient indexing system of coastal eutrophication and an advanced regional
earth system modeling framework to facilitate the development and evaluation of effective policy and restoration actions.

Introduction

Situated between the land and the open ocean, the coastal ocean
(i.e., the areas from the shoreline to the continental shelf break
influenced by the land-based runoff) possesses rich spatial, eco-
nomic, and biological resources and diverse ecosystems, providing
invaluable services for human society (e.g., Lu et al., 2018a;Winther
et al., 2020; Dai et al., 2022). The land masses adjoining the coasts
are home to over 50% of the world’s population and are the world’s
most economically invigorating areas, driving global economic
development, especially in Asia over the past 50 years, and produ-
cing approximately 50% of the world’s gross domestic product
(GDP). However, pressures on this vital region from human devel-
opment and climate change have intensified ever since the Indus-
trial Revolution, which has adversely impacted human society and
impaired the regional, and by extension the global ocean, sustain-
ability (e.g., Doney et al., 2012; Winther et al., 2020).

Among many other factors, nutrient pollution, primarily due to
a massive increase in fertilizer usage, has resulted in worldwide
expansion of coastal eutrophication, i.e., the over-enrichment of
nutrients, particularly nitrogen (N) and phosphorus (P), that
stimulate biological productivity and excessive algal growth. The
twomost acute symptoms of eutrophication are hypoxia (dissolved
oxygen, DO depletion to a level of <2 mg L�1) and harmful algal
blooms (HABs), which may cause changes in seawater chemistry
(e.g., acidification), loss of habitat and biodiversity, even mass
mortality of impacted marine organisms, and eventually impair
important ecosystem services (Kristiansen et al., 2002; Grantham
et al., 2004; Diaz and Rosenberg, 2008; Cai et al., 2011; Rabalais
et al., 2014; Breitburg et al., 2018; Pitcher et al., 2021). Expansion of
coastal hypoxic zones can also enhance the production of green-
house gases (e.g., methane, nitrous oxide), and thus pose positive
feedback to the climate system (e.g., Naqvi et al., 2010; Conley and
Slomp, 2019).

Coastal eutrophication and associated environmental stressors
have occurred over the past 50–100 years or longer in Central/
Western Europe (e.g., Andersen et al., 2017), North America (e.g.,
Kemp et al., 2005) and part of East Asia (Japan) (e.g., Yasuhara
et al., 2012). These are recently witnessed in China and other
developing countries in Asia (e.g., Dai et al., 2006; Wang et al.,
2018a), and have now emerged in the rest of the world. Eutrophi-
cation, therefore, remains among the leading causes of water quality

degradation and as a major threat to human sustainability (IOC-
UNESCO, 2022). The persistence of these environmental threats
and their adverse effects on human health and economy at the
global scale, despite enormous efforts and investment, demonstrate
the complexity of mitigation. Finding an effective solution remains
a grand challenge, and this has been identified as one of the 10main
challenges in a recently released State of the Ocean Report (IOC-
UNESCO, 2022).

Tremendous efforts over the past decades have been devoted to
studying coastal eutrophication at regional and global scales,
including its cascading effects such as hypoxia and HABs (e.g.,
UNEP, 2006; Pitcher et al., 2021; Tuholske et al., 2021; Peñuelas and
Sardans, 2022). These research efforts span from examinations of
their sources, spatial and temporal variability to their mechanisms,
attributions, and interconnections. The major progress in the field
has been elaborately evaluated in some critical reviews (e.g., Nixon,
1995; Anderson et al., 2002; Howarth and Marino, 2006; Billen and
Garnier, 2007; Diaz and Rosenberg, 2008; Howarth, 2008; Kemp
et al., 2009; Paerl et al., 2014; Glibert and Burford, 2017; Breitburg
et al., 2018; Boesch, 2019; Fennel and Testa, 2019; Griffith and
Gobler, 2020; Grégoire et al., 2021; Pitcher et al., 2021), substan-
tially advancing our mechanistic understanding of this global issue.
Here, we highlight some of the major findings from prior research.

Nutrient loading and structure have dramatically changed over
the past several decades (Malone and Newton, 2020). The global N
and P loads increased by 40–45% between 1980 and 2015 (Beusen
et al., 2022). The use of nutrient-rich synthetic fertilizers and their
runoff into waterways, together with the planting of N-fixing crops,
fossil fuels burning and wastewater inputs from treatment plants
and stormwater conduits, elevates the N:P ratio of nutrient supplies
to the coastal ocean (Glibert et al., 2014; Peñuelas and Sardans,
2022), potentially creating P limitation and dominant algal species
shifts (Lin et al., 2016). Increased N loading is thus considered a
primary cause of eutrophication in most estuarine and coastal
environments, although phosphate pollution is also an issue receiv-
ing intense attention (Howarth and Marino, 2006; Howarth, 2008;
Paerl, 2018).

The altered stoichiometry of nitrogen, phosphorus and silicon
(N:P:Si) in addition to the overall higher nutrient concentrations
exerts a profound impact on the phytoplankton communities and
primary productivity (Smith, 2003), increasing the abundance,
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frequency, and extent of HABs (Anderson et al., 2002; O’Neil et al.,
2012; Glibert et al., 2014; Glibert and Burford, 2017; Gobler, 2020;
Anderson et al., 2021). Hypoxia is also increasingly documented in
coastal waters globally at increased frequency, spatial extent, and
severity that threats the ecosystem health and food security (e.g.,
Diaz and Rosenberg, 2008; Rabalais et al., 2014; Breitburg et al.,
2018; Grégoire et al., 2021). However, the formation and dynamics
of hypoxia are subject to a suite of complex and interactive physical,
chemical, and biological processes (e.g., Rabouille et al., 2008;
Fennel and Testa, 2019), leading to spatiotemporal heterogeneity
of hypoxia and sometimes an apparent decoupling of
eutrophication-hypoxia relationship (e.g., Hetland and DiMarco,
2008; Zhao et al., 2021). Thus, such a cause–effect relationship is
not straightforward and is very often non-linear, complicatingmost
quantification efforts.

Growing evidence suggests that climate change exacerbates
eutrophication and its associated negative impacts on coastal eco-
systems (Doney et al., 2012; Altieri and Gedan, 2015; Sinha et al.,
2017). The increasing frequency and intensity of extreme events
over the past decades (Alimonti et al., 2022) have and will continue
to increase the magnitude and alter the timing of runoff, nutrient
and terrestrial organic matter (terr-OM) delivery to the coastal
ocean (Rabalais et al., 2010; Diffenbaugh et al., 2018), exacerbating
the development of HABs (Glibert, 2020). Warming also decreases
oxygen solubility, increases intensity and duration of stratification,
and enhances microbial metabolism, resulting in an earlier onset,
higher frequency, and increased severity of hypoxia in nutrient-
enriched coastal systems (Altieri and Gedan, 2015; Breitburg et al.,
2018). Furthermore, these negative consequences of increased
nutrient loading and stratification might be partly, or temporarily,
compromised by rising sea levels and stronger storms in low and
mid-latitudes (Rabalais et al., 2009), and are further complicated by
the superimposition of open ocean circulation and large-scale
climate variabilities such as ElNiño, the Pacific Decadal Oscillation,
and the North Atlantic Oscillation (e.g., Dai et al., 2022).

Accumulating human and climatic impacts may impair ecosys-
tem resilience (i.e., the ability of ecosystems to absorb disturbances
and preside in multiple stable states that maintain critical function-
ality (Elliott and Quintino, 2007)) by inducing ecosystem reorgan-
ization, or “regime shifts”, defined as abrupt changes in the
structure and function of ecosystems, or abrupt changes across a
tipping point, a critical threshold at which a subsequent tiny
perturbation can qualitatively alter the state or development of a
systemwith irreversible consequences (Lenton, 2013; vanNes et al.,
2016), which have received increasing attention from either eco-
logical or ocean-human coupled points of view (e.g., Chaparro-
Pedraza and de Roos, 2020). The marine ecosystem, notably the
coastal ocean, is likely experiencing multi-fold regime shifts due to
the multiple stressors imposed on the system, yet how and whether
eutrophication has induced regime shift is unclear. In the Baltic Sea,
a series of threats induced by eutrophication, overfishing and
climatic changes are believed to have pushed the system over a
tipping point in the 1980s, from which it has yet to recover
(Österblom et al., 2007; Rabalais et al., 2010; Reid et al., 2016;
Möllmann et al., 2021). The persistent eutrophication and continu-
ous climate change are predicted to exacerbate coastal hypoxia
(Diaz and Rosenberg, 2008; Fennel and Testa, 2019); it is identified
to be a high-probability and high-impact ocean tipping point that
warrants urgent attention and action (Heinze et al., 2021). How-
ever, the underlyingmechanisms of ecosystem regime shifts involve
a complex coupling of abiotic and biotic processes, making it
particularly challenging to holistically understand and predict.

From the perspective of nutrient–algal growth relationship (the
MonodModel), every algal species has a ‘reaction norm’ to nutrient
variability (characterized by the half-saturated nutrient concentra-
tion Ks and maximum growth rate μmax). Significant ‘unusual’
nutrient enrichment may favor ‘weed’ species with high Ks and
high μmax, which are not suitable food for grazers, leaving high
biomass (a HAB event or otherwise) for bacterial respiration in
bottom waters.

Substantial efforts have been made to form task forces and set
policies to abate eutrophication and its cascading consequences,
from the local to the international levels (e.g., the Gulf of Mexico
Watershed Nutrient Task Force, European Union directives), with
billions of dollars invested in actions and implementation of conser-
vation measures worldwide (Basu et al., 2022). Although improved
wastewater treatment measures have succeeded particularly in redu-
cing point source pollution from industriesmainly inNorthAmerica
and Europe (Boesch, 2019), reducing nutrient inputs from diffuse
sources, such as non-point runoff from agriculture and urban land-
scapes, has proven to be more difficult and often fall short of goals,
hindering water quality improvements and coastal ecosystem res-
torations from eutrophication (Macintosh et al., 2018). The hypoxic
area in the northern Gulf of Mexico reached 16,000 km2 in 2015,
failing to be reduced to the targeted size of 5,000 km2 (Van Meter
et al., 2018). The eelgrass meadows along the Swedish Kattegat in the
Baltic Sea, which were lost since the 1980s, failed to recover despite a
significant reduction in both nutrient loads and N concentrations
(Moksnes et al., 2018). Various strategies have recently been pro-
posed to resolve these issues, including dual-nutrient (N and P)
reduction strategy for aquatic ecosystems, large-scale changes in
agricultural management practices with technological and societal
innovations, better incorporation of nutrient legacies and time lags
into watershed conservation measures, economic cost-effectiveness/
cost–benefit analyses, and long-term commitment at both local and
regional scales (Conley et al., 2009; Le Moal et al., 2019; Malone and
Newton, 2020; Basu et al., 2022).

Despite major progress, controlling eutrophication and associ-
ated hypoxia has proven to be difficult due to the major knowledge
gaps concerning the complexity of the eutrophication-hypoxia
causal relationship, which is often non-linear and site-specific.
The complexity also lies in the non-linear drivers associated with
the social-economic dimension. Thus, discerning the full spectrum
of physical, biogeochemical, and socioeconomic processes that
govern eutrophication and hypoxia in the coastal ocean remains
a grand scientific challenge and a practical issue to be resolved,
particularly from a quantitative perspective. These knowledge gaps
clearly hamper the establishment of effective and science-based
policy that can be transformed into action plans to remediate
environmental problems. Consequently, we are still witnessing
trends in the expansion of coastal eutrophication and hypoxia from
developed regions into developing regions.

This review examines the evolution of coastal eutrophication to
identify critical knowledge gaps in these complex cause–effect
systems with the aim of providing possible solutions based on
understanding the up-to-date status and mechanisms of eutrophi-
cation and hypoxia in coastal waters. In particular, we contend that
the human dimension plays a key role in causing eutrophication,
including its consequences, and should be fully taken into account
to fill the knowledge gaps and propose remedial solutions. To do so,
we examine the trajectories of eutrophic-hypoxic evolution in six
model coastal systems across the globe over the last 40 years or
longer and consider the social-economic impacts. Special consid-
eration is given to the interactive/synergistic drivers of natural and
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anthropogenic forcing. By comparing different systems under dif-
ferent developmental stages, we also intend to summarize past
experiences and lessons from this persistent but crucial environ-
mental issue for regions to consider in policymaking. Finally, we
put forward our perspectives on research critically needed to
advance scientific solutions to coastal eutrophication and hypoxia.

Current status

Nutrient loading and eutrophication

The global human population has increased from 3 billion in 1960
to 7.8 billion in 2020, along with rapidly growing GDPs that appear
to hinge on the steadily increasing urbanization rate and amount of
synthetic fertilizer use (Figure S1 in the Supplementary Material).
The human footprint on Earth, as an index of the pressure imposed
on the eco-environment, is presently remarkably concentrated in
Asia, Europe and North America, followed by some regions of
Africa and South America (Figure 1a). Human development and
activities have thus imposed intense pressure on the coastal ocean.
Excessive loads of N- and P-containing nutrients (Figure 1b),
largely associated with the increasing human population and activ-
ities, have caused worldwide occurrences of eutrophication, espe-
cially in the coastal ocean (Steffen et al., 2015; Malone and Newton,
2020; Liu et al., 2021a).

The main sources of anthropogenic nutrient loading to coastal
ecosystems include synthetic fertilizer use, manure application,
biological N-fixation by legume, emissions to the atmosphere,
sewage discharge, and aquaculture operations. The global use of
synthetic fertilizers has increased by more than five-fold since 1961
to 200 Tg yr�1 (1 Tg = 1012 g) in 2020, and becomes the major

contributor, at about an order of magnitude greater than the other
sources (Table 1). Of the current global fertilizer use, South Asia
accounts for 55.1% and South America contributes 13.3%, with the
remaining use divided among North America and Europe
(approximately 12% each), Africa (3.5%) and Oceania plus Central
America (totaling 3.3%) (Figure S1c in the Supplementary Mater
ial). Among synthetic fertilizers, N fertilizer is the most used,
accounting for 56%, while P fertilizer makes up a proportion of
24% (Table 1).

The global anthropogenic N input to the terrestrial ecosystems
is now estimated to be 267 TgN yr�1 (Tian et al., 2022), exceeding
the natural N fixation in the entire ocean by 87.7% (Wang et al.,
2019). In addition to N fertilizer inputs on cropland and pasture,
biological N-fixation by legume and manure N application con-
tribute to 45 Tg N yr�1 and 23.4 Tg N yr�1, respectively, of
nutrient inputs in the watershed, while emissions of nitrogen
oxides (NOx) mainly from fossil fuel combustion and biomass
burning and of ammonia from agricultural lands, animal houses
and storage systems account for 34 Tg N yr�1 and 41 Tg N yr�1,
respectively (Table 1). As the most prevalent urban source of
nutrients, estimated human sewage discharge into the environ-
ment reached 9.3 Tg N yr�1 by 2020 (Table 1), of which 6.2 Tg N
yr�1 enters coastal waters accounting for approximately 40% of
total N from agriculture based on a high-resolution geospatial
model (Tuholske et al., 2021). Of total wastewater N, 63% (3.9 Tg
N yr�1) comes from sewered systems, 5% (0.3 Tg N yr�1) from
septic, and 32% (2.0 Tg N yr�1) from direct input. Despite a
relatively small magnitude of wastewater N release compared to
other sources, human sewage impacts most coastlines globally,
with sewered, septic, and untreated wastewater inputs varying
greatly across watersheds and by country. Nearly half of all

(a) Human footprint

Hypoxic sites(d)Log(Chl-a) concentration(c)

(b) N load

Figure 1. Global distributions of (a) the human footprint index in 2018, (b) N loads in 2020 (kg N yr�1), (c) log(Chl-a) concentration (μg L�1), and (d) hypoxic sites. Data on the human
footprint are fromMu et al. (2022); data onN loads are fromBeusen et al. (2022); data on Chl-a concentrations are derived from the remote sensing satellite images from the Climate
Change Initiative-European Space Agency project (http://www.esa-oceancolour-cci.org/); Data of hypoxic sites (where the dissolved oxygen (DO) concentration is less than 2 mg
L�1) were downloaded from World Resources Institute (https://www.wri.org/data/eutrophication-hypoxia-map-data-set) (Diaz et al., 2011).
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wastewater N loadings come from 25 watersheds (Tuholske et al.,
2021). The nutrient release from the aquaculture into aquatic
environment was estimated to be 1.5 Tg N yr�1 in 2010 (Table 1),
but its global contribution to nutrient loading of rivers is small
(Bouwman et al., 2013a).

The N emissions from fertilizer, livestock waste and fossil fuel
combustion, which are closely related to population and economic
growth, were the highest in Europe andNorth America in the 1980s
and earlier, accompanied by the emergence of coastal eutrophica-
tion in these regions since the 1950s (Nixon, 1995). From the 1960s
to the 2010s, hotspots of total anthropogenic nitrogen inputs,
especially from synthetic fertilizer use, shifted from Europe and
North America to East and South Asia (Tian et al., 2022), associated
with a mirrored human population and economic development
pattern (Figure S1 in the Supplementary Material). Galloway et al.
(2004) predicted that by 2050 the percentage of the anthropogenic
N input in coastal watersheds exported to coastal ecosystems would
increase by 40–50% from approximately 20% in 2000. South Asia,
in particular, is projected to account for nearly half of this increase
(Lee et al., 2016). Also, of the total estimated human sewage
discharge in 2020, Asia (mainly South and East Asia) accounts
for 50.3%, followed by South America, North America, Europe, and
Africa with contributions varying from 8.9–14.3% (Table 1). Con-
sequently, coastal eutrophication has emerged as a major environ-
mental concern in the developing countries of Asia, South America
and North Africa (Wang et al., 2022).

Pathways of nutrient inputs into the coastal ocean mainly
include river runoff (e.g., Große et al., 2019), submarine ground-
water discharges (e.g., Santos et al., 2021), direct waste discharge
(e.g., Tuholske et al., 2021) and atmospheric deposition (Codispoti
et al., 2001). The total riverineN loadingwas estimated to be 57.9 Tg
N yr�1 in 2020 (Liu et al., 2021a), a 40% increase since 1961. The
global flux of P to the ocean has reached about 22 Tg P yr�1

(Bennett et al., 2001). These nutrient loadings from diverse sources
are expected to enhance nutrient concentrations and inventory in

the coastal waters, which however remains difficult to be fully
assessed due to the lack of systematic observational data in the
global coastal ocean. Numerical modeling studies show an increase
in nitrogen inventory of 5.8% (~16.6 TgN) from 1960 to 2010 in the
global coastal ocean, accompanied by enhanced net primary prod-
uctivity by 4.6% in coastal oceans during the same period (Liu et al.,
2021a). Regional monitoring programs have meanwhile shown the
concentration of dissolved inorganic nitrogen (DIN, the sum of
ammonium, nitrate and nitrite) in coastal waters (excluding regions
of coastal upwelling) varies from 1.67 to 66 μmol L�1 in the US and
Europe and is around 1.50 μmol L�1 in African coastal waters
(Lu et al., 2018a). Relatively high values up to over 200 μmol L�1

appear mainly in South and East Asia, while the lowest value, 0.3
μmol L�1, is observed inMoreton Bay, Australia. Most of the global
nutrient-enriched systems have experienced an increase in DIN
concentrations over the past few decades (Malone and Newton,
2020).

The concentration of chlorophyll-a (Chl-a) is commonly used
as an indicator of eutrophication (Woodland et al., 2015): a system
is defined as eutrophic with satellite Chl-a concentrations greater
than 2.21 μg L�1, or oligotrophic with the concentrations less than
0.1 μg L�1 (Karydis and Kitsiou, 2019). Based on MODIS ocean
color data, the Chl-a concentration has increased over time along
the coasts of East and South Asia, East Africa, South America, and
Europe in the 21st century (Figure 1c) (Elsworth et al., 2020). The
total area of global coastal waters (depth ≤ 200 m) that show
increasing trends in satellite-derived Chl-a concentration is 7.99
� 105 km2, approximately 30% greater than areas with an oligo-
trophic potential (Maúre et al., 2021).

HABs in coastal waters

International research programs GEOHAB (1998–2013) and Glo-
balHAB (2017-) have been in place for decades to advance scientific
knowledge about the causative species, outbreak and decline

Table 1. Global sources of anthropogenic nitrogen and phosphorus

Regional contribution (%)

Nutrient source Global magnitudeh Asia Europe North America Oceania South America Africa

N sources (Tg N yr�1) Synthetic N fertilizer usea 113 58.0 13.6 13.0 1.6 8.1 3.9

Emission of NOx
b 34.2 44.4 16.5 18.8 2.0 4.4 12.2

Manure-Nc 23.4 34.2 11.6 9.1 13.3 14.2 17.6

N2 fixation
d 45 —

Emission of ammoniae 41 —

Sewagef 9.3 50.3 12.6 12.9 1.1 14.3 8.9

Aquacultureg 1.5 —

P source (Tg P yr�1) Synthetic P fertilizer usea 48 53.7 8.9 10.7 2.6 19.0 3.6

aFAOSTAT: https://www.fao.org/faostat/en/#data/RFN.
bThe global top-down estimates of NOþNO2 emissions mainly from fossil-fuel combustion, biomass burning, oil and gas production, industry, agriculture, and biogenic activities using an Ozone
Monitoring Instrument NO2 retrieval (NASAv3) through a hybrid 4D-Var/mass balance inversion (Qu et al., 2020).
cThe manure nitrogen applied to cropland averaged over the result of Zhang et al. (2017a) reconstructed based on the dataset from the Global Livestock Impact Mapping System (GLIMS) in
conjunction with country-specific annual livestock populations and Tian et al. (2022) reconstructed based on different data sources in a spatiotemporally consistent way;
dBiogeological nitrogen fixation in agroecosystems linearly interpolated based on the results of Bouwman et al. (2013b) which predicted N2 fixation from 39 Tg N yr�1 in 2000 to 54 Tg N yr�1 by
2050.
eThe volatilization of ammonia from agricultural lands (29 Tg N yr�1) and ammonia emission from animal houses and storage systems (12 Tg N yr�1) into the atmosphere as of 2020 linearly
interpolated based on the results of Bouwman et al. (2013b) which predicted total ammonia emission from (24 þ 10) Tg N yr�1 in 2000 to (36 þ 15) Tg N yr�1 by 2050.
fHuman N emission in wastewater by households and industries to surface water linearly interpolated based on results of Van Drecht et al. (2009), which predicted the global sewage emissions
from 6.4 Tg N yr�1 in 2000 to 12.0–15.5 Tg yr�1 by 2050.
gN release to the freshwater (1.2 Tg N yr�1) and marine (0.3 Tg N yr�1) aquatic environments due to feeds in aquaculture (Bouwman et al., 2013a).
hData for Emission of NOx in 2016, Manure-N in 2014, Aquaculture in 2010, and for the rest in 2020.
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dynamics, and environmental drivers. In the latest global HAB
report, toxic bloom events accounted for nearly half of the global
bloom events, and this percentage continues to increase gradually
over time (Hallegraeff et al., 2021). Anthropogenic nutrient loading
and climate change are the two major environmental drivers of
increasing HABs (Hallegraeff et al., 2021), but how these factors
interact with the algae is very complex (Glibert, 2020). Most algal
phyla have HAB-forming species, but dinoflagellates are particu-
larly notorious for their greatest contribution of species, diversity of
toxins and bloom events. On the global scale, HABs formed by
dinoflagellates have increased in frequency and range due to cli-
mate change and eutrophication. For example, in Chinese coastal
waters, the frequency and area of dinoflagellates-dominant HABs
substantially increased from the 1980s onwards when the ratio of
total N and P in inputs exceeded the critical values of 25–30 (Wang
et al., 2021), resulting in more frequently reported fish mortality,
shellfish poisoning, economic loss, and even human death (Wang
et al., 2008; Yu et al., 2018). Advances inmonitoring technology and
greater public awareness can also contribute to the increasing
record of HAB outbreaks (Gobler, 2020; Hallegraeff et al., 2021).

A HAB outbreak represents a sharp regime shift, from a genet-
ically (taxonomically) diverse algal community evolving into a
single or few species-dominated assemblage. Such a rapid and
dramatic process conceivably involves the surpassing of an ecosys-
tem tipping point, which is likely intimately related to the genetics
of species in the community dictating their abilities to acquire
energy and nutrients, defend and proliferate sexually as well as
asexually (Zhang et al., 2019b; Yu et al., 2020; Lin et al., 2022).
Ecosystems impacted by HABs show resilience in most cases,
eventually being able to return to original or similar status. How-
ever, the frequency and scale of HAB events in coastal waters have
shown steady increases in the past decades. That has raised the
major concern whether the coastal ecosystem will cross the thresh-
old and come to the irreversible tipping point, which means a
drastic change in ecosystem services.

Coastal deoxygenation and hypoxia

Besides HABs, another notorious consequence of coastal eutrophi-
cation is the worldwide occurrence of hypoxic, or even anoxic, areas
(Figure 1d). Though hypoxia and “dead zones” have been widely
used in the literature and by the general public. It should be pointed
out that hypoxia is very often arbitrarily defined by a DO level of <2
mg L�1, the unit of which is dependent upon temperature, salinity
and pressure. Rather, concentration units such as μmol O2 kg

�1 are
independent of temperature, salinity and pressure (Hofmann et al.,
2011). However, this review uses mg L�1 for consistency with the
literature reports. Nevertheless, the expansion of oxygen-depleted
coastal environments has been accelerating since the 1950s, most
notably over the past two decades (Diaz and Rosenberg, 2008;
Zhang et al., 2010). The number of reported hypoxic sites has
increased exponentially at a rate of ~5.5% yr�1 over the past six
decades, approximately doubling each decade and increasing at
more than 500 sites (Diaz andRosenberg, 2008; Vaquer-Sunyer and
Duarte, 2008; Breitburg et al., 2018). Hypoxic conditions in coastal
waters are increasing in occurrence, frequency, intensity, and dur-
ation, and affect a total area of more than 0.25 � 106 km2 in the
coastal ocean (Diaz and Rosenberg, 2008; Breitburg et al., 2018).

Coastal hypoxia seems to follow a predictable pattern (Diaz and
Rosenberg, 2008). First, episodic oxygen depletion implies a critical
point of eutrophication that, in combination with a stratified water
column, tips the system into hypoxia. About 17% of the hypoxic

systems report episodic hypoxia (Diaz and Rosenberg, 2008),
experiencing infrequent oxygen depletion with less than one event
per year. Over time, with the build-up of nutrients and OM in the
near-bottom waters and sediments, hypoxia becomes seasonal or
periodic, generally occurring after spring blooms in summer and
lasting until autumn (Rabalais et al., 2010; Murphy et al., 2011;
Wang et al., 2012). Owing to local weather events, spring-neap tidal
cycles, production-respiration diel cycles or winds, periodic hyp-
oxia lasts from days to weeks and tends to be less severe than
seasonal hypoxia (Breitburg, 2002; Tyler and Targett, 2007).
Together, episodic and seasonal hypoxia are responsible for about
three quarters of the known hypoxic zones. Another 8% of the
hypoxic systems experience persistent oxygen depletion on the
order of years, during which the hypoxic zone expands, and the
oxygen concentration continues to decline until anoxia is estab-
lished. Despite the dominant control of physical dynamics on the
water residence time, which allows for hypoxic conditions, this
progression from episodic to seasonal hypoxia has been docu-
mented in the Chesapeake Bay (Kemp et al., 2005), the northern
Gulf of Mexico (Turner et al., 2008), off the Changjiang Estuary
(Chen et al., 2020) and the Pearl River Estuary (Qian et al., 2018),
where increasingmicrobial oxygen consumption rates enhanced by
eutrophication facilitate hypoxia formation and maintenance.

Most of the reported coastal hypoxia is confined to shallow
brackish tidal rivers and upper estuaries, where heavy loads of labile
organic waste and ammonia directly stimulate microbial respir-
ation and nitrification leading to oxygen depletion (Figure 2) (Dai
et al., 2006; He et al., 2014). The drivers of these hypoxic systems are
well studied and oxygen conditions can be improved rapidly and
linearly (Kemp et al., 2009). This review will focus on the hypoxia
occurring in lower estuary and inner shelf regimes, where the
spatiotemporal coupling/decoupling of eutrophication and hyp-
oxia, sources of OM fueling oxygen consumption, and nutrient
legacies causing hypoxia recurrence remain a subject of contention
(Figure 2).

Mechanisms and interactions

Mechanistic coupling of hypoxia to eutrophication

In most coastal systems, eutrophication is considered the primary
cause of the development and intensification of bottom water
hypoxia (Diaz, 2001; Rabalais and Gilbert, 2009; Rabalais et al.,
2010; Rabalais et al., 2014; Wang et al., 2016). Excessive anthropo-
genic inputs of inorganic N and P raise nutrient concentrations and
elevate the production of autochthonous OM in coastal regions,
leading to an increase in the rate of OM supply to the bottom water
and sediment, which enhances microbial respiration and oxygen
consumption therein (Figure 2). Under strong vertical stratification
and restricted lateral advection or diffusivity of oxygenated waters,
once the oxygen consumption rate exceeds that of replenishment,
hypoxia forms (e.g., Rabouille et al., 2008). Remineralization of
autochthonous OM thus dominates oxygen consumption in the
hypoxic zone (Rabalais et al., 2001; Rabalais et al., 2010;Wang et al.,
2016). Indeed, tracing the origin of oxygen-consuming OM reveals
that oxygen depletion in the hypoxic zones off the Changjiang
Estuary, in the Chesapeake Bay and northern Gulf of Mexico is
almost all attributed to respiration of autochthonous OM formed
by eutrophication-induced primary production (Wang et al., 2016;
Wang et al., 2018b; Su et al., 2020b). In the hypoxic zone off the
Pearl River Estuary, about two-thirds of oxygen-consuming OM is
originated from the surface eutrophication (Su et al., 2017; Zhao
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et al., 2020), with the rest being allochthonous OM sourced from
riverine and wetland inputs which contribute to oxygen removal
directly via remineralization (Bianchi et al., 2010; Su et al., 2017;
Zhao et al., 2020) and/or indirectly via the nutrients released during
remineralization (Yu et al., 2021; Zhang, 2022) (Figure 2). High
primary production driven by nutrient over-enrichment thus dom-
inates hypoxia formation in many coastal systems, especially in the
river-dominated open coastal systems.

Through these mechanisms, increased anthropogenic nutrient
inputs due to enhanced human socioeconomic activities are
hypothesized to be responsible for the expansion of hypoxia
throughout the coastal ocean.A global-scalemodel of coastal oxygen
and nutrient dynamics suggests that coastal systems with more
densely populated watersheds and/or more intensive agricultural
activities exhibit higher sensitivity to changes innutrient loading and
are more prone to develop hypoxia (Reed and Harrison, 2016). By
comparing major coastal hypoxic systems worldwide, Fennel and
Testa (2019) pointed out that larger hypoxic areas are statistically
related to higher nutrient loads with freshwater inputs. Model
experiments with different nutrient loadings further reveal a non-
linear response of hypoxia to nutrient input, and a higher sensitivity
of oxygen levels to N than P loads in N-limited coastal ecosystems,

such as in Chesapeake Bay (Testa et al., 2014). However, N loading
alone cannot fully explain the interannual variability of the hypoxic
area in many open coastal ecosystems (e.g., only 40–50% in the
northern Gulf of Mexico (Scavia et al., 2003; Bianchi et al., 2010;
Obenour et al., 2012), because the formation and maintenance of
bottom-water hypoxia also depends on stratification of the water
column by freshwater inputs (Bianchi et al., 2010; Obenour et al.,
2012) and nutrient supply by upwelling of nutrient-rich subsurface
oceanic waters offshore. Recent modeling studies estimated that the
respiration of oceanic N-supporting OM accounts for about 16%
and 22–40% of oxygen consumption in hypoxic systems in the
northern Gulf of Mexico and off the Changjiang Estuary, respect-
ively (Große et al., 2019; Große et al., 2020). Furthermore, geomor-
phological characteristics and filtration power of watershed and
coastal zone may create marked variations in the ecological effects
of nutrient loading (Cloern, 2001). It is also noted that eutrophica-
tion often results in deviation of the N:P ratios from the Redfield
ratio of 16, which drives ‘unusual’ or harmful algal species to thrive,
thus promoting HABs (e.g., Glibert et al., 2018). The unusual or
harmful species cannot be grazed efficiently by zooplankton and
other herbivores, shunting the biomass to respiration by bacteria.
Hypoxia in bottom water ensues.
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Figure 2. Conceptual diagram of the drivers of and interactions between eutrophication and hypoxia in the coastal ocean. Increasing amounts of anthropogenic nutrients sourced
from agricultural and aquacultural runoffs, and domestic and industrial waste discharge are exported into the coastal ecosystems. The terrestrial organic matter (Terr-OM) and
inorganic nutrients directly stimulate microbial respiration (Terr-OM remin) and nitrification, leading to oxygen depletion in the tidal rivers and upper estuary. Excess riverine
nutrients with nitrogen to phosphorus (N:P) molar ratios above the Redfield ratio of 16 are further transported to the lower estuary and inner shelf regions, causing eutrophication
and outbreaks of harmful algal blooms (HABs). The abundant autochthonous OM induced by eutrophication eventually sinks to the bottom and is remineralized, contributing to
bottom hypoxia in most coastal regions. In addition, allochthonous OM from land and marine-sourced OM induced by wind-driven upwelling can, to some extent, enhance the
formation of hypoxia. With the various sources of OM and complicated physical and topographical features in coastal regions, spatiotemporal heterogeneity between surface
eutrophication and bottom hypoxia is often observed (see text). Coupled nitrification–denitrification and anammox in hypoxic waters and sediments remove bioavailable nitrogen
from the system. On the other hand, the hypoxic/anoxic environment facilitates the desorption of phosphorus (P) and the dissolution of P–Fe complexes in sediments. Release of
bioavailable phosphate (PO4) into the overlying waters and subsequent mixing into the euphotic layer further stimulates primary production.
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In addition, OM decomposition and subsequent nitrification in
marine sediments also contribute to oxygen consumption at the
sediment–water interface (Zhang et al., 2017b) though its relative
contribution to the water column oxygen consumption is debat-
able. Estimated rates of sedimentary oxygen consumption indeed
vary widely, ranging from 5–168 mmol O2 m�2 day�1 in the
estuarine and coastal systems (Boynton et al., 2018). In hypoxic
zones with a large thickness of the bottom water, sediment oxygen
demand typically makes a minor contribution to total oxygen loss
(Kemp et al., 2005; Zhang et al., 2017b). Water column respiration
contributes to ~70% of the total biological oxygen consumption
under hypoxic conditions in Chesapeake Bay, northern Gulf of
Mexico and off the Changjiang Estuary (McCarthy et al., 2013; Li
et al., 2015; Zhou et al., 2021). Even in very shallow (1 ~ 2 m), semi-
enclosed lagoons with a long water residence time (~ 1 yr), inte-
grated oxygen consumption in the water column also accounts for
67–73% of total DO consumption (Wang et al., 2018b).

In more enclosed systems, such as in the eastern Gotland Basin
of the Baltic Sea, simulated oxygen consumption in the sediment is
much larger than that in the water column, despite oxygen con-
sumption increased more in the water column than in the sediment
after 1970 (Meier et al., 2018). In these systems, the nutrient legacy
could play a very important role in the persistency of eutrophica-
tion and should be taken into consideration for their management
and mitigations. Nutrient legacy could also be related to the fact
that a greater amount of labile OM can escape from microbial
degradation and reach the sediments in hypoxic waters compared
to in oxic waters (Middelburg and Levin, 2009; Jessen et al., 2017;
Yang et al., 2020; Zhao et al., 2020), and thus the accumulation of
OM over 1 year or longer might make the hypoxic systems more
sensitive to N loading over time (Turner et al., 2008).

Spatial–temporal decoupling of hypoxia and algal blooms

Despite the mechanistically biogeochemical coupling of human-
driven eutrophication to hypoxic zone expansion in the global
coastal ocean, the occurrence of hypoxia and eutrophication-
induced algal bloom may mismatch in both space and time
(Figure 2) because of the distinct physical and geographical con-
straints on hypoxia formation. In addition to microbial oxygen
removal due to abundant OM supplies, the formation of hypoxia is
also affected by the stability of water column that is influenced by
vertical stratification and lateral advection, and they are all greatly
governed by highly variable wind and terrestrial discharge in the
coastal zone over the synoptical and even longer time scale. In well-
ventilated energetic coastal systems, hypoxia might not form des-
pite strong eutrophication. This can be explained by the concept of
hypoxia timescale, which is the ratio between the oxygen amount
needed to be drawn down to reach hypoxia and the net oxygen
consumption rate (i.e., rate of oxygen consumption minus supply);
such timescale must be shorter than the water residence time in
order to develop hypoxia (Fennel and Testa, 2019). As such, the
formation of hypoxia does not synchronize with phytoplankton
blooms, but experiences a time lag ranging from several days to
months (Fennel and Testa, 2019). It has been widely observed that
the intense spring algal production is followed by late-spring and
summer heterotrophic remineralization of OM and initiation of
bottom-water hypoxia, such as in Chesapeake Bay (Hagy et al.,
2004), Long Island Sound (Lee and Lwiza, 2008), the northern Gulf
of Mexico (Rabalais and Turner, 2019), and off the Changjiang
Estuary (Zhou et al., 2020). A recent study in the Chesapeake Bay

suggests that bottom-water oxygen levels are significantly correl-
ated with surface algal biomass during the preceding weeks (Zheng
and DiGiacomo, 2020). Off the Changjiang Estuary, a time lag of
1 to 8 weeks is estimated between the occurrence of surface diatom
production and bottom hypoxia based on a coupled physical-
biogeochemical model (Zhou et al., 2020). Furthermore, the accu-
mulation of OM in bottom waters and sediment can sustain
hypoxic conditions even after the bloom terminates in the surface
waters. The feedback of hypoxia on surface algal blooms will be
elaborated in the following section.

It is increasingly recognized that the locations of hypoxic zones
and surface algal blooms might be separated (Figure 2) as jointly
modulated by the confluence of river discharge, coastal circulation
(Caballero-Alfonso et al., 2015), tides and atmospheric forcing such
as air-sea momentum (wind), heat and buoyancy fluxes (Li et al.,
2021) as well as their interactions with topography (Liu et al., 2020;
Lu et al., 2022). Specifically, the multiscale variability of coastal
currents can profoundly regulate coastal water residence times
(Lu and Gan, 2015; Wang and Yang, 2015; Du and Shen, 2016)
and re-distribute biogenicmaterials such as nutrients, OM, andDO
(Li et al., 2020; Li et al., 2021; Liu et al., 2021b), leading to spatial
heterogeneity in phytoplankton production and bottom-water
hypoxia. In river-dominated open coastal systems such as off the
Changjiang, Pearl River and Mississippi River estuaries, wind-
driven currents largely constrain the spread of nutrient-enriched,
buoyant river waters (i.e., river plume) from the river/estuary
mouth, where phytoplankton blooms occur in surface waters riding
over the oceanic waters causing strong stratification and inhibiting
the aeration of the subsurface (Bianchi et al., 2010; Zhang et al.,
2019a; Li et al., 2021) (Figure 2). The faster-flowing surface plume
waters, with relatively short water residence times, can spread the
phytoplankton extensively offshore, whilst bottom current circula-
tion patterns are usually affected by variable shelf topography and
experience longer water residence times (Rabouille et al., 2008).
Indeed, the bottom-water residence time off the Pearl River Estuary
is estimated to be more than 15 days, nearly five times that of the
surface-spreading plume (Lu and Gan, 2015; Li et al., 2020).
The trapping of particulate OM by fronts at the seaward flank of
the river plume (Hetland andDiMarco, 2008; Zhou et al., 2020) and
dissolved OM by convergent currents (Lu et al., 2018b) thus con-
strains the subsequent development of hypoxia to specific locations,
which differ from that of extensive surface blooms. This kind of
dislocation between phytoplankton blooms and bottom-water hyp-
oxia has also been observed in semi-enclosed estuaries (e.g.,
Chesapeake Bay; Zhou et al. (2020)) and after the passage of a
typhoon as in the Pearl River Estuary (Zhao et al., 2021). In
addition, the upslope transport of low-oxygen subsurface oceanic
waters can act as a remote driver to lower the initial oxygen
conditions (Qian et al., 2017), facilitating the formation of hypoxia
that is less dependent on the OM supply from the phytoplankton
blooms. Such spatial–temporal decoupling of hypoxia to algal
bloom along with its multiple underlying mechanisms further
complicates the cause–effect relationship between eutrophication
and hypoxia and weakens the mitigation efficiency by reducing
external nutrient supply alone, which should be taken into account
in designing and evaluating nutrient management schemes.

Feedbacks of hypoxia on algal blooms

The relationship between eutrophication and hypoxia is not caus-
ally unidirectional. Bottom-water oxygen depletion changes the
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benthic redox environment and modulates the biogeochemical
cycling of nutrients over varying timescales, in turn providing an
effective feedback on surface algal blooms (Figure 2) (Howarth
et al., 2011). Indeed, enhanced phytoplankton growth following
lower bottom-water oxygen has been observed in seasonally hyp-
oxic systems, such as in Chesapeake Bay (Zheng and DiGiacomo,
2020) and off the Pearl River Estuary (Zhao et al., 2021).

In hypoxic or anoxic benthic environment, denitrification and
anammox (i.e., anaerobic ammonium oxidation) compete with
dissimilatory nitrate reduction to ammonium (DNRA) for nitrate
and nitrite (Song et al., 2021; Roberts et al., 2022), the former of
which result in N removal from the system. This pathway of N loss
is estimated to be responsible for about 30–50% of N-loss from the
world’s oceans, or 16–27% from land and oceans combined
(Codispoti et al., 2001). McCarthy et al. (2015) reported that
denitrification and anammox on the hypoxic Louisiana–Texas
continental shelf removed up to 68% of the total N loaded from
theMississippi River watershed. In this regard, hypoxic events may
mitigate the N:P ratio imbalance resulting from the riverine N
overloading over the long term. Moreover, under anoxic condi-
tions, P-containing deposits such as Fe-P minerals, one of the main
P burial phases in strongly reducing sediment, are thermodynam-
ically unfavorable, resulting in the release of P (Figure 2)
(Middelburg and Levin, 2009). Therefore, hypoxia can potentially
enhance P supply for phytoplankton in the overlying euphotic zone
(Rozan et al., 2002; Sulu-Gambari et al., 2016). Thus, from a long-
term perspective, terrestrially-derived P can be accumulated in the
anoxic areas where the majority of riverine N is removed, especially
in semi-enclosed coastal systems (Dalsgaard et al., 2013). This
enhanced internal bioavailable P supply, together with the N leak-
age through denitrification and anammox, can fuel the phytoplank-
ton growth with a potential shift of the dominant species of HABs
and the timing of HABs outbreaks due to the delayed response
(Gustafsson et al., 2012). This indeed occurs in the Baltic Sea, where
a trend towards intensifying summer N-fixing cyanobacterial
blooms is mainly attributed to the mixing-induced replenishment
of inorganic P from deep water, and is correlated with increases in
the extent of hypoxia (Funkey et al., 2014). The increased rates of N2

fixation in the Baltic Sea are found to counteract the reduced N
loading in recent decades (Savchuk, 2018). The legacy nutrients,
andHABs thatmay result, are particularly notable in semi-enclosed
coastal regions. This can also be a crucial factor responsible for
cyanobacterial HAB outbreaks, because the external loading of P
has been reduced following the regulatory measures to curb
eutrophication.

Long-term trends: Socioeconomic-ecological drivers and
lessons

Despite the global persistence of coastal eutrophication, HABs and
hypoxia, the complex and non-linear response of hypoxia to
eutrophication is site-specific and closely related to local geograph-
ical features, physical dynamics, climatic variability and trajectory
of regional socioeconomic development. By re-examining the long-
term trends in the expansion of eutrophication and its interactions
with economic development and societal management in two
model systems in Europe (Baltic Sea) and North America
(Chesapeake Bay) and four coastal ecosystems in East Asia
(i.e., Changjiang Estuary, Pearl River Estuary, Upper Gulf of
Thailand and Xiamen Bay) (Figure 3), which are at different stages
of development and/or management, we assess and compare key

fundamental variables to summarize past experiences and lessons
related to this crucial environmental issue.

Europe – Baltic Sea

The Baltic Sea is a semi-enclosed water body in northern Europe
surrounded by nine industrialized countries and five more within
the catchment area, representing 85 million inhabitants. As the
largest anthropogenically induced hypoxic area in the world
(Conley et al., 2011; Carstensen et al., 2014; Carstensen and Conley,
2019), it is one of the most intensively studied coastal areas, and
often serves as a model study of eutrophication, deoxygenation,
and ecosystem response to perturbations by nutrient pollution and
warming (Carstensen et al., 2014; Saraiva et al., 2019).

Eutrophication and deoxygenation have degraded Baltic Sea’s
marine ecosystems over the past ~200 years. Signs of ecosystem
harm emerged in the 19th century and accelerated in the 20th
century, especially after the post-World War II developments
(Yasuhara et al., 2012; Yasuhara et al., 2019). Prior to the 1990s,
the total population and GDP of the countries surrounding the
Baltic Sea rapidly increased (Figure S2a in the Supplementary
Material). Since then, the population has remained stable, although
the fast-growing total GDP continued and reached its maximum
after the 2010s (Figure S2a in the Supplementary Material). Social
drivers of the long-term changes in total nutrient loads to the Baltic
Sea outweigh the impacts of climate change, with land use and
agricultural activities being the most important drivers (Pihlainen
et al., 2020). Rivers account for about 70% and 90% of total N and P
inputs, respectively, to the Baltic Sea with diffuse sources mainly
from agricultural activities making up ~70% and ~53% of their
anthropogenic N and P loads, respectively (Sonesten et al., 2018).
As such, strong correlations are found between total fertilizer use
and nutrient loads to the Baltic Sea (R ≥ 0.65, p < 0.001; Figure 4a).
Management approaches to reduce nutrients have been promoted
since the 1970s (Backer et al., 2010). The total fertilizer use showed a
three-phase temporal transition pattern, which increased through
the early 1970s, stayed at high levels of ~5 � 106 tons yr�1 for
approximately 20 years, and then dropped abruptly to a relatively
constant value of ~3 � 106 tons yr�1 in the following 30 years
(Figure S2b in the Supplementary Material). Tangible improve-
ments abating eutrophication have been achieved in some basins
since the late 1990s (Backer et al., 2010; Lønborg and Markager,
2021; Murray et al., 2019; Reusch et al. (2018)).

However, the total fertilizer use is not significantly positively
correlated to variations in either the concentrations or pools of DIN
and dissolved inorganic phosphorus (DIP, mainly phosphate) in
the central Baltic Proper (Figure 4a). The reduction of nutrient use
and loading since the 1970s has not lessened eutrophication and the
nutrient pools in the Baltic Proper (Figure S2c in the
Supplementary Material), suggesting alternative sources or drivers
that regulate the nutrient distributions in the largest open basin of
the Baltic Sea. The expansion of hypoxia in the Baltic Sea removes
42–96% of riverine N annually through denitrification (Dalsgaard
et al., 2013) and promotes P release from sediments into the water
column, resulting in inverse changes in DIN and DIP pools (Figure
S2c in the Supplementary Material) and excess P accumulation in
the Baltic Proper (Hieronymus et al., 2018). As such, strong N
limitation has shifted algal blooms from a diatom- and flagellates-
dominated regime in spring to aN-fixing cyanobacteria-dominated
regime in late summer since the 2000s (Conley et al., 2002; Hier-
onymus et al., 2018; Stigebrandt and Andersson, 2020). The esti-
mated magnitude of external N supplies from the atmosphere
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(including N2 fixation and atmospheric deposition) is comparable
to those from riverine inputs (Olofsson et al., 2021). Such biogenic
N addition into the system further stimulates sedimentary oxygen
consumption and P release, which was termed the “vicious circle of
the Baltic Sea” (Conley et al., 2002; Vahtera et al., 2007). The
internal P source has been considered as the major driver of the
Baltic Sea eutrophication since the late 1990s (Stigebrandt and
Andersson, 2020).

Oxygenation deteriorated in the Baltic Sea since the early 20th

century with the hypoxic area increasing by 10-fold (Conley et al.,
2011; Carstensen et al., 2014). The hypoxic area in the Baltic Proper,
Gulf of Finland, and Gulf of Riga seemed to decrease gradually
during the 1970s–1990s, but increased since the early 1990s (Figure
S2d in the SupplementaryMaterial). Due to the long residence time
(~10 years; Table 2) of bottom water in the Baltic Proper, neither
nutrient loads nor seawater nutrient concentrations are strongly

Figure 3. Bathymetry of selected coastal systems: Baltic Sea, Chesapeake Bay, Changjiang Estuary, Pearl River Estuary, Upper Gulf of Thailand, and Xiamen Bay. The color shows
depth (m).
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correlated with the hypoxic area. Instead, the hypoxia area is highly
dependent on the DIP pools (R = 0.59, p < 0.001; Figure 4a),
suggesting the magnitude of the DIP pool plays important role in
regulating the hypoxic extent in this region (Savchuk, 2018). In
addition, it was perennial almost anoxic in the central Baltic Proper
throughout recent decades (Figure S2d in the SupplementaryMater
ial), despite the fluctuating nutrient levels and pools. These findings
suggest that external nutrient loading is not the sole driver con-
trolling the formation and maintenance of hypoxia in this region.
The episodic inflow of well-oxygenated bottom water creates only

short-term relief from hypoxia and can even worsen oxygen con-
ditions over longer time scales, because it enhances stratification
and reduces the vertical mixing of oxygen to the bottom waters
(Carstensen and Conley, 2019). Furthermore, the water-column
oxygen consumption has been reported to increase after the 1980s
despite the decline in nutrient supply, counteracting the effect of
natural ventilation on alleviating the anoxic situation in deepwaters
(Meier et al., 2018). Hence, the internal nutrient recycling in the
Baltic Sea that affects oxygen consumption should be paid more
attention. The overall objective to restore the Baltic Sea has not been
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Figure 4. Theheatmapof relationshipsbetweeneutrophication/hypoxia and their socioeconomicdrivers. (a) ChangjiangEstuary, (b) Pearl River Estuary, (c) Baltic Sea, (d) UpperGulf of
Thailand, (e) ChesapeakeBay and (f) XiamenBay. Thenumbers in each cell indicate the coefficient of correlation (R). The subscripts denote the results of significance test, i.e., * denotes
p < 0.05, ** denotes p < 0.01, and *** denotes p < 0.001. Only the observed data of Chl-a concentration (not included the extremely high values in 2003) are used for CJE. Abbreviation:
Popul., total population; GDP, gross domestic product; Fuse, total fertilizer use; NFuse, N fertilizer use; PFuse, P fertilizer use; Urate, urbanization rate; TNwaste, total N loads in
wastewater discharge; TPwaste, total P loads in wastewater discharge; Wwaste, wastewater discharge; DINconc, concentration of dissolved inorganic nitrogen (DIN); DIPconc,
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Table 2. Characteristics of the six selected coastal systems (Baltic Sea, Chesapeake Bay, Changjiang Estuary, Pearl River Estuary, Upper Gulf of Thailand, and Xiamen Bay) in terms of GDP, total fertilizer use, N load,
regional characteristics, water residence time, annual average surface DIN concentration, summer surface Chl-a concentration, seasons of hypoxia occurrences, maximum hypoxic area/volume from the historical
records and average frequency of HABs in the past 5 years

GDP
(�1012 USD)

Totalfertilizer useþ

(�106 tons)
N loadþþ

(�103 tons yr�1) Regional characteristics
Water residence time

(days)

DINþþþ

(μmol
L�1)

Chl-aþþþ

(μg L�1)

Months of
hypoxia
occurrences

Maximum hypoxic
area/volumeþþþþ

(km2/km3)

Frequency
of HABs
(yr�1)

Baltic Sea 1.81a 3.2b 806c Almost enclosed system 3,100d 1.4e 4.6e Whole year 84,623f 11g

Chesapeake Bay 1.41h 0.2i 106j Semi-enclosed system 180k 16.1l 28.7l May-Sept. 14.1m 6g

Changjiang Estuary 5.09n 18.3o 1,738p River-dominated open system 20~65q 34.4p 2.1r Jun.-Oct. 22,800s 30t

Pearl River Estuary 3.52a, n 11.7o 1,374u River-dominated open system 15~20v 59.2w 5.1w Jun.-Sept. 660x 2.4y,z

Upper Gulf of Thailand 0.48b 1.9b 13α River-dominated open system 14~39β 11.1α 8.6r Jun.-Nov. 2,640β 27γ

Xiamen Bay 0.14δ 0.3δ 54ε Semi-enclosed system 5~35ζ 34.6η 1.1r None None 0.6θ

þTotal fertilizer use of Chesapeake Bay is the sum of N fertilizer and P fertilizer.
þþDIN loading of Changjiang Estuary and Upper Gulf of Thailand, TN loading of Pearl River Estuary, Xiamen Bay, Baltic Sea and Chesapeake Bay.
þþþDIN and Chl-a concentration are wet season (May–October) surface average value at Upper Gulf of Thailand.
þþþþMax hypoxic volume of Chesapeake Bay (km3).
The characteristics of each system are compiled from the literature sources cited in the footnotes below.
aThe World Bank (https://databank.worldbank.org/).
bFood and Agriculture Organization of the United Nations (http://www.fao.org/faostat/en/#data).
cSavchuk (2018).
dFennel and Testa (2019).
eSMHI SHARK web (https://sharkweb.smhi.se/hamta-data/).
fHansson and Viktorsson (2021).
gHarmful Algal Event Database (http://haedat.iode.org/).
hBureau of Economic Analysis U.S. Department of Commerce.
iSabo et al. (2022).
jMurphy et al. (2022).
kDu and Shen (2016).
lEyes on the Bay (https://eyesonthebay.dnr.maryland.gov/).
mScavia et al. (2021).
nNational Bureau of Statistics.
oChina Statistical Yearbook, 2022.
pWang et al. (2018a).
qZhang et al. (2021).
rClimate Change Initiative-European Space Agency project (http://www.esa-oceancolour-cci.org/).
sChen et al. (2020).
tBulletin of marine disaster of China (https://www.mnr.gov.cn/sj/sjfw/hy/gbgg/zghyzhgb/).
uCui et al. (2020).
vLi et al. (2020).
wEnvironmental Protection Department (EPD) of Hong Kong (https://cd.epic.epd.gov.hk/EPICRIVER/marine/).
xZhao et al. (2021).
yLi et al. (2018).
zBulletin of marine disaster of the South China Sea.
αMarine and Coastal Resources Research and Development Institute (2020).
βBuranapratheprat et al. (2021).
γMarine and Coastal Resources Research and Development Institute (2021).
δStatistics Bureau of Fujian Province.
εReport on the Second National Pollution Census.
ζCheng et al. (2021).
ηUnpublished data from Fujian Provincial Environmental Monitor Center Station.
θChen et al. (2021a).
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reached (Elmgren et al., 2015) and an updated Baltic Sea Action
Plan in 2021 calls for more efficient measures (e.g., eliminating
internal P sources; Conley et al. (2002); Stigebrandt and Andersson
(2020)) to combat eutrophication, which is also suggested bymodel
predictions (Murray et al., 2019; Lønborg and Markager, 2021).

North America – Chesapeake Bay

Nourishing a fast-growing population and GDP (Figure S3a in the
SupplementaryMaterial), the drainage basin of the Chesapeake Bay
extends over an area of 1.6� 105 km2. The large nutrient inputs and
a long residence time, i.e., about 180 days (Table 2), greatly impact
the ecosystem in the Chesapeake Bay (Kemp et al., 2005). Early
signs of eutrophication appeared in the 1700s (Kemp et al., 2005;
Willard and Cronin, 2007; Yasuhara et al., 2012; Yasuhara et al.,
2019). After ~50% of land clearance in the mid-19th century and
initial fertilizer use in the 1900s with growing human population
and intense fertilizer use after the 1950s, the coastal environments
were heavily influenced by ever-expanding nutrient loading. Nearly
60% of total nutrient inputs to the Chesapeake Bay are diffuse
sources, of which agriculture accounts for more than a half
(Boesch et al., 2001). Increased nutrient inputs led to an unprece-
dented level of hypoxia in the estuary since 1960–1980s (Willard
and Cronin, 2007; Yasuhara et al., 2019).

The volume of hypoxia in the Chesapeake Bay increased two-
fold from the 1950s to the 1980s, following a similar increase in the
fertilizer use (Figures S3b and S3d in the Supplementary Material)
(Orth et al., 2002). During the last three decades, the implementa-
tion of policies to protect and restore the ecosystem as well as
upgrades in city wastewater treatment have decreased agricultural
surplus and point source export, together contributing to the
decrease in nutrient loading after 2000 (Figure S3b in the
Supplementary Material) (Sabo et al., 2022). The concentrations
of DIN in the estuary also showed a decreasing trend but fluctuated
in a range similar to levels recorded in the 1990s (Figure S3c in the
Supplementary Material), while the Chl-a concentrations still kept
at a high level of around 25 μmol L�1 with substantial interannual
variability (Figure S3d in the Supplementary Material). This
undiminished eutrophication might be attributed to unexpected
increases in agricultural surpluses in certain parts of the watersheds
from 2009 to 2019, which exerted further pressure on the
coordinated management efforts (Sabo et al., 2022). Nevertheless,
without the nitrogen regulation and reduction over the past 35
years, the hypoxic conditions in the bay would likely have been
much larger in volume and longer in duration (Frankel et al., 2022).
Similar to the temporal pattern of nutrient concentrations, the
long-term trend in the volume of hypoxia also exhibits large annual
and interannual variability since 1990 (Figure S3d in the
Supplementary Material). Results from multiple modeling studies
suggest that several factors co-regulate the variability of hypoxia
over a range of time scales, including climatic effects (e.g., irregular
dry and we periods), weather (e.g., precipitation), nutrient loading,
physical conditions (e.g., river discharge, water temperature, wind
speed and wind direction), and biological activities (e.g., respir-
ation) (Du et al., 2018; Harding et al., 2019).

Oceanwarming is thought to be a dominant control on the long-
term decline in the DO concentration, overwhelming the effects of
sea level rise and modest oxygen increases associated with nutrient
reduction (Ni et al., 2020). Climate change, mainly global warming
and the associated decrease in oxygen solubility in water, is pre-
dicted to increase the summer hypoxic and anoxic volumes in the
bay up to 30% by the mid-21st century (Ni et al., 2019). The

combined effects of anthropogenic and biological CO2 accelerate
coastal acidification (Cai et al., 2017), further reducing buffering
capacity and resilience of the regional marine ecosystem (Su et al.,
2020a).

South East Asia

Changjiang Estuary
Stretching for 6,200 km and draining an area of 1.8� 106 km2 with
a human population of over 400 million, the Changjiang (Yangtze
River) is the third largest river in the world in terms of water
discharge. The population in the Changjiang watershed has
doubled from 1960 to 2020 (Figure S4a in the Supplementary
Material). Meanwhile, the urbanization rate and total GDP have
been accelerating over the last two decades (Figures S4a in the
SupplementaryMaterial). The ever-expanding population and eco-
nomic aggregation have greatly impacted the Changjiang Estuary
coastal system, and rendered this region one of the world’s largest
hypoxic zones (Chen et al., 2020).

Tributaries including Dongting Lake account for about 50% of
total riverine N loads, followed by non-point sources (36%), while
discharges from non-point sources to the Changjiang main stream
contribute about 63% of total riverine P loads (Tong et al., 2017).
The nutrient loading is significantly correlated with total fertilizer
use (R > 0.8, p < 0.001; Figure 4c) (Fu et al., 2021), and increases by a
factor of eight from 1960–2010 (Figures S4b and S4c in the
Supplementary Material) (Liang and Xian, 2018). Following the
national regulation of fertilizer usage, the total fertilizer use peaked
in the early 2010s and declined afterward (Figures S4b in the
Supplementary Material). A modeling study indicates that syn-
thetic fertilizer and manure together are the largest contributor,
accounting for more than half of DIN yields from the Changjiang
River since 1985 (Yan et al., 2010).

Changes in the riverine nutrient inputs have significantly
increased DIN and DIP concentrations in coastal surface waters
since the mid-1990s (Figure S4c in the Supplementary Material)
(Wang et al., 2018a). In addition to nutrient enrichment, the N:P
ratio increased at a rate of 0.35 yr�1, while the Si:N decreased at a
rate of 0.04 yr�1 from 1960–2018 (Dai et al., 2011; Shi et al., 2022).
The altered nutrient stoichiometry in the Changjiang, superim-
posed over the regional warming at a fastest global warming rate in
the world (Liu et al., 2016; Xiao et al., 2018), has clearly induced the
algal species shift with an increasing percentage of dinoflagellates
abundance up to over 25% at the cost of a decline in diatoms since
the 2000s (Chen et al., 2020; Chen et al., 2021b; Shi et al., 2022) and
increased HABs (e.g., dinoflagellates Prorocentrum donghaiense
and Noctiluca scintillans, and diatoms Skeletonema costatum) both
in frequency and impacted area (Li et al., 2014).

Hypoxia off the Changjiang Estuary has become a new norm
during summertime in recent decades, persisting from June to
October (Table 2) (Wang et al., 2012). It was first detected in
1959 (~1,800 km2) and developed into an extensive area exceeding
2 � 104 km2 by 2016 (Figure S4d in the Supplementary Material)
(Zhu et al., 2017). The minimum DO concentration off the Chang-
jiang Estuary shows a stepwise reduction at a rate of 0.05 mg L�1

yr�1 since the 1980s, which has probably led to a meiobenthic
faunal shift (Cheung et al., 2019). Aweak but statistically significant
negative correlation is found between the DOminima and hypoxic
areas (R = 0.66, p < 0.01; Figure 4c). The low DO conditions and
extensive hypoxia off the Changjiang Estuary have not receded,
although both the nutrient inputs and the phytoplankton biomass
have show declining trends recently due to a reduction in human
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inputs and the increasing damming upstream (Figure S4d in the
Supplementary Material) (Shi et al., 2022).

The decoupling of hypoxia and eutrophication trends suggests
that processes other than human-induced eutrophication might
play an increasing role in the formation and maintenance of
hypoxia, such as the intrusion of the Kuroshio Current (Zhu
et al., 2017; Zhang et al., 2019a). Kuroshio subsurface water can
act as a remote driver contributing to the development of summer
hypoxia by lowering the initial DO levels off theChangjiang Estuary
when it intrudes into the East China Sea (Qian et al., 2017). The
nutrients carried by the Kuroshio intrusion also fuel the surface
blooms through upwelling, leading to subsequent bottom oxygen
depletion off the Changjiang Estuary (Große et al., 2020). In this
regard, the hypoxic status off the Changjiang Estuary is sensitive to
climate change at both local and regional scales. The hypoxic area
off the Changjiang Estuary is projected to increase by 50% due to
the open-ocean deoxygenation as global warming continues, but
the reduced N load from the Changjiang River can considerably
mitigate the increasing extent of hypoxia (Große et al., 2020). These
results highlight the importance of an integrated, efficient regula-
tion strategy for nutrient reduction to abate eutrophication and
counteract the potential future decline in remote oxygen supply to
this region.

Pearl River Estuary
The Pearl River Estuary is situated in the world’s most populated
bay area, the Guangdong-Hong Kong-Macao Greater Bay Area, on
the northern shelf of the South China Sea. Similar to the Changjiang
watershed regions, the GDP has grown quickly at a rate of ~11% per
year on average over the last four decades (Figure S5a in the
Supplementary Material). Concomitant rapid industrial and agri-
cultural development has increased total synthetic fertilizer use in
the watershed by four-fold in order to satisfy the needs of an almost
doubled population, which corresponds to the four-fold increase in
urbanization rates (Figures S5a and S5b in the Supplementary
Material). Domestic sewage, industrial wastewater, agricultural
fertilizer and marine culture are the main nutrient sources to the
Pearl River Estuary (Huang et al., 2003). The fertilizer use in this
region is significantly positively correlated with the population and
total GDP (R= 0.81, p < 0.001), and urbanization rate (R= 0.96, p <
0.001) and significantly contributes to the N loading in the water-
shed (Figure 4d). As a result, the DIN concentration in the lower
estuary increased dramatically at a rate of ~1.4 � 0.3 μmol N L�1

yr�1 along with elevated N:P ratios (~30–300) and OM contents
from the 1990s to the 2010s (Huang et al., 2003; Ye et al., 2012), and
only started to decline since 2015 due to decreasing total fertilizer
use and wastewater discharge with the implementation of soil
testing and formulated fertilization technology, transformation of
fertilization methods, utilization of organic fertilizers and improve-
ment of cultivated land quality (Figures S5b and S5c in the
Supplementary Material).

Eutrophication and hypoxia in the lower estuary are primarily
caused by the ecosystem’s responses to the increasing nutrient
discharge from the Pearl River and local sewage effluent and an
increasing discharge of organic pollutants (Su et al., 2017; Li et al.,
2020). Excessive nutrient inputs have exerted great pressure on the
estuary and the shelf beyond, triggering outbreaks of HABs (e.g.,
dinoflagellates N. scintillans and Gymnodinium sp., and diatoms
S. costatum, Thalassiosira sp., and Chaetoceros sp.) in the estuary
impacting an area of about 2,850 km2 (Huang et al., 2003; Callahan
et al., 2004; Harrison et al., 2008). The low oxygen conditions have
also remarkably deteriorated in the bottom waters of the lower

estuary (Su et al., 2017; Qian et al., 2018; Zhao et al., 2020), even
though its shallow topography (averaged depth of ~10 m) and
relatively strong mixing (induced by tides and wind) physically
make the estuary less prone to develop large-scale hypoxic events
(Harrison et al., 2008). A significant decline in bottom-water oxy-
genation, at a rate of ~2� 0.9 μmol kg�1 yr�1, has been observed in
the lower estuary over the past three decades (Qian et al., 2018; Qian
et al., 2022), with an expansion of the hypoxic area over the last two
decades (Figure S5d in the Supplementary Material). Two prom-
inent hypoxic centers have been found with a total area of ~700 km2

in the coastal transition zone off the estuary (Yin et al., 2004; Su
et al., 2017; Zhao et al., 2020; Hu et al., 2021; Zhao et al., 2021). Over
the last decade, the estuary seems to be undergoing a transition
from having episodic, small-scale hypoxic events to seasonal,
estuary-wide hypoxia occurring during summer (Hu et al., 2021;
Zhao et al., 2021).

In the lower estuary, the mean Chl-a concentration during
summer showed a generally increasing trend before 2010 and
peaked in 2011, then dropped and kept relatively stable afterward
(Figure S5d in the Supplementary Material), suggesting a possible
decoupling of surface phytoplankton biomass accumulation and
bottom water hypoxia. Such decoupling may partially be attributed
to the warming and altered hydrodynamics that make the system
physically more prone to hypoxia. A recent modeling study reveals
that cyclonic vortices and center of convergence in the coastal
transition zone between the Pearl River Estuary and the adjacent
continental shelf cause the accumulation of nutrients and OM to
promote the development of hypoxia (Li et al., 2020).

Regional efforts to improve sewage treatment (e.g., the Harbor
Area Treatment Scheme in Hong Kong since 2001) have been
invested to abate the deteriorating water quality of the Pearl River
Estuary, with the sewage treatment rate increasing from 32.9% in
2004 to 97.8% in 2020. The sewage treatment has been especially
effective in reducing P, enabling the DIP concentration in the lower
estuary to remain as low as around 1 μmol L�1 and leading to a
negative correlation between the DIP concentration and the hyp-
oxic area (p < 0.05; Figure 4d) that indicates P-limitation in the
estuary. Yet, more rigorous nutrient reduction strategies at the river
basin scale, building upon the quantitative knowledge of the relative
contribution of different sources of organic matter (Su et al., 2017;
Zhao et al., 2020; Yu et al., 2021) and nutrients (Yu and Gan, 2022),
are required to reverse the trend of worsening eutrophication and
hypoxia in the region.

Upper Gulf of Thailand
TheUpper Gulf of Thailand is a shallow tropical gulf with extensive
coastline, heavily populated urban and agricultural areas. Com-
pared to the Changjiang and Pearl River estuaries, the Upper Gulf
of Thailand is influenced more substantially by heavy rainfall and
storm tides due to cyclones, putting the coastal ecosystem directly
in the face of the dual impacts of anthropogenic activities and
climate change pressures. HABs were first reported in 1952, and
since thenHAB events have been reported at least 450 times in Thai
waters, mainly concentrated in the Upper Gulf of Thailand with the
rate of incidences growing by roughly 6.5% each decade
(Lirdwitayaprasit, 2003; Paphavasit et al., 2006). HABs in theUpper
Gulf of Thailand are dominated by non-toxic species (e.g., blue-
green algae Trichodesmium erythraem, and Noctilluca sp.)
(Cheevaporn and Menasveta, 2003). Hypoxia was first recorded
in the mid-1970s, and minimum DO concentrations lower than 2
mg L�1 were reported frequently after 2010 (Figure S6d in the
Supplementary Material). Hypoxic waters were mostly detected in
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river-estuary zones, and among all detected areas, theUpper Gulf of
Thailand emerged as the largest hypoxic zone in Thai waters
(Buranapratheprat et al., 2021).

Similar to the case of most coastal ecosystems, eutrophication in
the Upper Gulf of Thailand is driven largely by the increased
anthropogenic nutrient input. However, the attribution of nutrient
loads to social economic sectors remains unclear due to the influ-
ence of diverse sources and a lack of comprehensive budget assess-
ments. The rapidly growing population and GDP (Figure S6a in the
SupplementaryMaterial) and associated growing demands for food
production and energy have resulted in expanding agricultural,
livestock, aquacultural, urban, and industrial land at the expense
of the forests during the last three decades (Royal Forest Depart-
ment, 2017) (Figure S6e in the Supplementary Material). Closely
related to the increasing population and GDP has been total fertil-
izer use and wastewater discharge (R > 0.78; Figure 4e), which
increased by 20-fold from 0.11� 106 tons in early 1970s to 2.0� 106

tons in the 2010s and by nearly 50% in the 2010s, respectively
(Figure S6b in the Supplementary Material). Interestingly, fertilizer
use per unit of agricultural land in the Upper Gulf of Thailand is
only 6–10% of that in the Changjiang and Pearl River watersheds,
unlikely to explain the high DIN concentrations in the Upper Gulf
of Thailand with levels approximating those of the other two
systems (Figure S6c in the Supplementary Material) as suggested
by the poor correlations between nutrient loads and fertilizer use
(Figure 4e). In addition to the agriculture-derived inputs, discharge
of untreated domestic waste (e.g., with a percentage of 60–70% in
the Chao Phraya Basin; Cheevaporn andMenasveta (2003)), release
of untreated wastewater and sewage sludge from livestock, fish and
shrimp farms (Schaffner et al., 2009; Kupkanchanakul et al., 2015)
and groundwater discharge (Burnett et al., 2007) might also con-
tribute substantially to the eutrophication in the coastal waters in
the Upper Gulf of Thailand. The N loads from the livestock and
aquaculture account for ~60% of that into Mea Kong, Tha Chin,
and Bang Pakong Rivers that flow into the Upper Gulf of Thailand
(Schaffner et al., 2009; Kupkanchanakul et al., 2015; Pharino et al.,
2016). Estimated fluxes of DIN and DIP supplied via groundwater
discharge are 40–50% and 60–70% of those delivered by the Chao
Phraya River (Burnett et al., 2007), respectively. As such, in add-
ition to reducing the point sources of nutrients, controlling nutrient
inputs via groundwater discharge, such as modifying farming
methods to use fertilizers more effectively and efficiently, creating
and restoring wetlands and riparian zones and increasing nutrient
controls on wastewater treatment plants (McCoy and Corbett,
2009), also warrants close attention.

On the other hand, superimposed on the rising trend of fertilizer
demand and wastewater discharge (Figure S6b in the
Supplementary Material) are the well-noted extreme fluctuations
of DIN andminimumDOconcentrations in coastal waters (Figures
S6c and S6d in the Supplementary Material), collectively indicating
the profound impact of local weather, current circulation, and
climate on this system. During the rainy, warm southwestmonsoon
season (from June to August), strong stratification favors rapid
oxygen depletion (10–40 μmol kg�1 d�1; Sukigara et al. (2021)) in
bottom waters within a relatively long residence time (14–39 days;
Table 2) (Buranapratheprat et al., 2021), contributing to the occur-
rence of hypoxia in the northeast part of theUpper Gulf of Thailand
(Morimoto et al., 2021). The hypoxic zone moves westward along
with the reversed direction of surface circulation and westward
spread of low-salinity water during the monsoon transition period
(from September to November) when river discharge usually peaks
(Morimoto et al., 2021; Park et al., 2021). Short-term variations in

weather and long-term shifts in climate also have a strong influence
on certain cultivation practices, rice in particular (Kiguchi et al.,
2021), which alters the demand for fertilizer use. In addition,
regional warming may also amplify the impact of land-use changes
on runoff, exceeding the effect of rainfall (Kiguchi et al., 2021).
These changes modulate the eutrophication-driven oxygen deple-
tion in coastal waters. In addition, wind-induced circulation and
local flood events may also greatly impact the location and volume
of the hypoxic waters (Morimoto et al., 2021). Under the dual
pressures of anthropogenic activity and weather, it is projected that
hypoxia in Thailand will be exacerbated by the intensified ocean
warming and more frequent extreme precipitation events over the
next century (Limsakul et al., 2019).

Xiamen Bay
Xiamen Bay is located in southeast China in a region of rapid
urbanization that benefits from implementing integrated coastal
management (Winther et al., 2020). It receives discharges from the
Jiulong River from the northwest. Xiamen City was selected as one
of the five special economic zones in China in 1980, which boosted
population growth and the GDP, especially after 2000 (Figure S7a
in the SupplementaryMaterial). Similar to rapidly developing areas
elsewhere, heavy nutrient loading, wastewater and pollutants asso-
ciated with urbanization and industrialization have affected
Xiamen Bay (Chen et al., 2013). Riverine N loads from agricultural
land dominate the total N inputs to Xiamen Bay, while riverine P
loads and domestic/industrial wastewater discharge share similar
contributions to the total P inputs. The total fertilizer use in the
Xiamen Bay watershed increased from 5.5 � 104 tons in the 1980s
to around 35 � 104 tons in the mid-2000s, then steadily decreased
until around 2017when a relatively sharp decline began (Figure S7b
in the Supplementary Material). Concurrently, the total N and P
loads in Xiamen Bay increased by four and nine folds, respectively,
from 2000 to 2016, following the increasing patterns in the popu-
lation and GDP (Figures S7a and S7b in the Supplementary Mater
ial). However, starting from 2017 the total N and P loads dropped
sharply to about one-third of their peaks in 2020, a trend similar to
that of the fertilizer use. As a result, the DIN concentration in
Xiamen Bay increased rapidly from about 19 μmol L�1 in the late
1980s to more than 60 μmol L�1 in 2013, then started to drop
sharply in general to 18 μmol L�1 in 2020 and the DIP concentra-
tions experienced a similar increase and reached a peak of 1.5 μmol
L�1 in 2013, but fluctuated around 1.2 � 0.5 μmol L�1 afterward
(Figure S7c in the Supplementary Material). Closely related to the
changes in the DIN and DIP concentrations, HABs were first noted
in the mid-1980s. The summer Chl-a concentration in Xiamen Bay
peaked in 2008, after which a general decreasing trendwas observed
(Figure S7d in the Supplementary Material).

The fertilizer use in this region is positively correlated with both
the population, urbanization rate (p < 0.001), and total GDP (p <
0.01) (Figure 4f). The wastewater N loading is also positively
correlated with the total GDP (p < 0.05). The concentrations of
DIN and DIP in the bay are both positively correlated with the
urbanization rate significantly (p < 0.01 for DIN and p < 0.05 for
DIP). In addition, the DIN and DIP concentrations are related with
the total fertilizer use in this region with a positive correlation (p <
0.05), indicating remarkable socioeconomic controls on the coastal
eutrophication. So far, observations of extremely low oxygen con-
centrations in the bottom water of Xiamen Bay are rare, and
hypoxia has not been observed in the open area of the bay
(Figure S7d in the Supplementary Material). This may be due to
well flushing as inferred from the relatively short residence time in
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Xiamen Bay (Table 2). An unusual trend is present in that the
minimumDO concentration in the bay is positively correlated with
both the population and GDP in this region (p < 0.05). The Chl-a
concentration in the bay is positively correlated with the fertilizer
use in this region (p < 0.01).

The improvement of the environmental quality of XiamenBay is
attributed to integrated coastal management actions. In 1994,
Xiamen City was selected as a demonstration site for Integrated
Coastal Management (ICM) practices, which involve a series of
coastal management laws, policies, and actions to support marine
ecosystem rehabilitation and ensure a balance between protection
and production (Winther et al., 2020). A number of policies and
actions have been at work, including new construction or upgrades
of wastewater treatment plants since 1997, banning of P-based
detergents since 1999, banning of aquaculture activities, and dredg-
ing of channels since 2002 (Cai et al., 2016). Xiamen Bay could be a
potential model that exemplifies the efficacy of integrating science
and governance to environmental management.

Comparisons and lessons learned

Anthropogenic nutrient inputs are known to be one of the factors
driving coastal eutrophication and hypoxia. Comparisons of the
long-term trends in economic development, societal management
and the development of eutrophication and low-oxygen conditions
among selected model coastal systems show the evolution of the
interaction between human socioeconomic activities and environ-
mental degradation/restoration through changes in anthropogenic
nutrient loads and mitigation efforts (Figure 5). Based on the
development of socioeconomics, the duration of human forces on
the system, low-oxygen conditions, the potential shift of commu-
nity structure and implementation of measures, such evolution
could be summarized as three stages:

(1) As for the Upper Gulf of Thailand which are in the early
stage, the economic growth during the recent two decades or longer
goes along with an increasing population and depends on the
development of agriculture, livestock and/or aquaculture to a large
degree, resulting in land-use changes from forest to croplands and
grasslands (Figure S6e in the Supplementary Material), and intense
usage of synthetic fertilizer and feeds to meet food and energy
demands. Due to low nutrient uptake efficiency by crops and the
reduced capacity of nutrient retention when flushed by rainfall, a
large fraction of fertilizer nutrients, together with untreated waste-
water and sewage sludge from livestock and aquacultural farms,
ultimately enter the coastal ocean mainly through the river and
underground flows. Despite relatively low DIN concentration in
open coastal waters, the Chl-a concentrations in the Upper Gulf of
Thailand reach up to nearly 9 μg L�1 (Table 2). Eutrophication thus
frequently occurs downstream in the river as well as near the river
mouth with no significant shift in phytoplankton community
structure. Hypoxia might emerge sporadically at a relatively small
spatial scale, but measures to mitigate eutrophication and hypoxia
have not been implemented or in the infancy. In this stage, the
deterioration of water quality is closely related to intensified socio-
economic activities and anthropogenic nutrient inputs (Figure 4).

(2) As for the Changjiang and Pearl River estuaries which are in
the intermediate stage, with continued population growth and
increasing food demand for more than three decades, heavy fertil-
izer usage on croplands leads to higher amounts of nutrient inputs
to the coastal ecosystem. Along with rapid industrialization and
urbanization especially in the river delta regions, the discharge of
sewage and manure greatly worsens nutrient pollution in coastal

waters with population aggregation nearby. Nutrient concentra-
tions have thus reached substantially high levels in the coastal
surface waters, i.e., on average 35–60 μmol L�1 off these estuaries
during summer (Table 2). In this stage due to long-term large
inputs of nutrients with increased N:P ratios, the dominant species
of phytoplankton tend to shift and outbreaks of algal blooms
become more frequent or in a larger spatial extent in the wet
seasons. These changes likely tip the coastal region into a seasonal
hypoxic system with expanding areas, which is evidenced by tightly
negative correlations between the DO minimum and the param-
eters regarding anthropogenic activities observed in the Changjiang
and Pearl River estuaries over the last decade or longer (Figure 4).
Increases in the frequency, spatial extent, duration, and severity of
HAB outbreaks and hypoxia in turn severely impair economic
development and human health, leading to greater investment
efforts to abate eutrophication and associated cascading conse-
quences. In this stage, efforts in reducing nutrient loads can be
effectively reflected by the declining trend in nutrient and Chl-a
concentrations in coastal waters (Figures S4 and S5 in the
Supplementary Material). However, whether and how long the
nutrient and Chl-a concentration can decrease to the past norms
would be a long-term struggle between societal management and
environmental degradation, depending on the subtle balance
between socioeconomic growth and ecological restoration.

(3) As for the Baltic Sea and the Chesapeake Bay which have
gone through the former stages and are now in the late stage,
extremely low DO environments (close to 0 mg L�1) have been
persistently developed under the influences of human socioeco-
nomic activities for more than half a century. These systems have
experienced a non-linear degeneration of the ecosystem by way of a
complex system evolution, which leads to limited achievements in
curbing eutrophication and mitigating hypoxia through reducing
external nutrient input since the 1980s. The experience of control-
ling coastal eutrophication in developed regions sheds light on the
non-linear, complex relationship between socioeconomic growth
and environmental degradation. Apart from a long-term reduction
in nutrient loads, the hysteresis effect of feedback between sub-
systems and irreversible consequences would be minimized if we
adopt cost-effective mitigation strategies and take precautional
measures (e.g., removal of excess DIP from the Baltic Sea) before
the coastal ecosystems stressed by eutrophication reach a tipping
point. Also, when comparing the Baltic Sea and Chesapeake Bay
with the Changjiang and Pearl River estuaries, it should be noted
that the longer time the anthropogenic pressures exert influence on
the ecosystems, the greater reduction in pressures ecosystem recov-
ery is needed compared to that initiated degradation and the more
difficult ecosystems recover to past norms. In this regard, controls
on nutrient loadings and reducing pressures during the early stages
of eutrophication-hypoxia development appear to bemore effective
and efficient in reducing the nutrient levels and the frequency of
HAB outbreaks and mitigating hypoxia in the coastal regions
(Figure 5).

Exception is the Xiamen Bay in the stage between the early and
intermediate levels of eutrophication-hypoxia development. Des-
pite the dominant riverine N inputs to the coastal waters from
agricultural activities, rapid industrialization and urbanization also
contribute substantial P inputs from the domestic sewage and
industrial wastewater. The nutrient levels thus reach as high as
the Changjiang and Pearl River estuaries (Table 2). However,
neither hypoxia nor shift in dominant HAB species has been
reported in the Xiamen Bay. In this sense, the evolution of the
interaction between human socioeconomic activities and
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environmental degradation/restoration might be not progressive,
dependent on the trajectory of socioeconomic development and
investment, strategy and timing of mitigation efforts put into force.

Besides the understanding of developing stages for coastal
eutrophication and hypoxia related to economic development
and societal management, comparisons between multiple systems
(Table 2) also reveal that the strength and synergistic effect of
multiple driving forces of coastal eutrophication and hypoxia also
depend on regional geographic features. The river-dominated open
coastal systems (e.g., Changjiang and Pearl River estuaries) have
emerged as recent hotspots of HAB outbreaks and hypoxia primar-
ily driven by the increased anthropogenic nutrient inputs from the
land. In this sense, the fertilizer usage and nutrient emissions for
food production remain, and will be, a major contributor to the
total nutrient loads in the future, as the human population increases

and food preferences change to include more meat and dairy
(Beusen et al., 2022). However, larger hypoxic areas and higher
frequency of HABs are reported off the Changjiang Estuary com-
pared to the Pearl River Estuary (Figures S3 and S4 in the
Supplementary Material), which are likely due to longer residence
times of bottom waters and deeper water depths off the Changjiang
Estuary.

In addition, the impacts of the human dimension on the coastal
ecosystem, especially in semi-enclosed systems, can be accumula-
tive over time and trigger regime shifts eventually passing tipping
points, and rendering the coastal ecosystem more sensitive to
external disturbances. One example is the impact of nutrient legacy
on shifts in the dominant species of HABs. In contrast to a shifting
trend of dominant HAB species from diatoms to dinoflagellates off
the Changjiang Estuary (Chen et al., 2020, 2021b; Shi et al., 2022), in

Figure 5. Schematic of socioeconomic forcing and ecological response in coastal ecosystems. (a) Driven by the population aggregation in coastal areas, the development of
agricultural modernization, industrialization and urbanization brings about plenty of goods and services as well as environmental forces, such as excessive fertilizer, sewage and
manure, river discharges and land use change. These socioeconomic forces stress the health of the ecological system (b), causing enrichment of nitrogen (N) and phosphorus
(P) and changes in N:P ratios in coastal waters, which subsequently enhances eutrophication and subsequent harmful algal blooms and hypoxia. The degradation and disruption of
the coastal ecosystem also restrict the economic outputs of the socioeconomic system. (c) Through the development of agriculture, industrialization and urbanization with
intensifying socioeconomic forces, ecosystem disruption occurs after passing a tipping point unless great efforts are taken and control management strategies are applied for
oligotrophication.
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the Baltic Sea the phytoplankton community has shifted from
diatom- and dinoflagellate-dominant in spring to cyanobacterial-
dominant in late summer, driven by enhanced internal P supply
(Funkey et al., 2014; Hieronymus et al., 2018). Nitrogen fixation by
the cyanobacterial provides extra N inputs into this system, result-
ing in less effective remediation of eutrophication by reducing
terrestrial nutrient loads.

However, mitigating hypoxia seems to be more difficult than
simply abating eutrophication in semi-enclosed systems such as the
Baltic Sea and the Chesapeake Bay, not only because of the nutrient
legacy problem, but also due to the amplification effect by the
changing climate, and potentially phytoplankton adaptation to
the eutrophic condition. Superimposed on the reduced oxygen
solubility, the stronger stratification induced by ocean warming
and higher rates of freshwater input will reduce the ventilation of
bottom water in coastal oceans and facilitate oxygen depletion
(Oschlies, 2019). In contrast, the development of hypoxia in open
coastal systems might be more diverse depending on local geo-
graphic, physical, and biogeochemical settings even if the nutrient
loadings were effectively controlled. The physical replenishment in
the coastal ocean is expected to be stronger at the backdrop of
climate change with rising sea levels and increasing frequency of
extreme climatic events, which might partly offset the warming-
induced deoxygenation.

Summary, challenges and perspectives

Summary

Eutrophication and hypoxia have been widely observed and inves-
tigated worldwide, and their complex coupled physical-
biogeochemical mechanisms have been increasingly recognized.
The excessive nutrient inputs with favorable physical conditions
that enable the accumulation of inorganic and organic substances
and sufficient residence times for biogeochemical processes to
drive the occurrence of eutrophication and hypoxia are concep-
tually understood. However, the physical and biogeochemical
processes at work, in particular their quantitative contributions
to the formation, sustainment and spatiotemporal variability of
eutrophication and hypoxia, remain largely unclear, which greatly
hinders our capability for accurately predicting the formation and
alleviation of this marine hazard that affects many coastal oceans
globally.

Among the anthropogenic N inputs to coastal ecosystems,
synthetic fertilizers are the largest source, with Asia representing
more than half of the global use. Eutrophication and associated
hypoxia and HABs are still increasing in frequency and severity
worldwide, and are an emerging concern in the developing coun-
tries of Asia associated with the hotspots of human population and
economic development. Toxic bloom events occurring in South
East Asia account for nearly half of the recorded global HABs, and
river-dominated open coastal systems show a trend in regime shifts
towards seasonal hypoxia.

In addition to the well-recognized mechanism for
eutrophication-driven hypoxia, diverse OM sources with varying
contributions to fueling oxygen consumption complicate the non-
linear response of hypoxia to nutrient loadings. The combined
effects of the interactive physical and biogeochemical processes
commonly lead to spatial–temporal decoupling of hypoxia and
algal blooms in coastal regions. This non-linear cause–effect rela-
tionship of eutrophication and hypoxia is further complicated by
the benthic processes under hypoxic conditions, which by

promoting N leakage to the atmosphere and P release from sedi-
mentary deposits can pose profound feedback on shifts in commu-
nities of algal blooms over different timescales.

The long-term trends of eutrophication and hypoxia are subject
to controls by trends in nutrient loadings and physical dynamics
under a changing climate. While anthropogenic nutrient inputs are
closely related to the complex features of economic development
and societal management, accelerating climate change tends to
alter, in space and time, precipitation, terrestrial discharge, water
temperature, and atmospheric and then oceanic circulation, which
concurrently control the severity and trends of eutrophication and
hypoxia.

Though the chain reaction of nutrients-eutrophication-hypoxia
has been widely demonstrated in most coastal eutrophic systems,
our understanding of the mechanisms and interactions between
eutrophication and hypoxia and between estuary and adjacent
continental shelf in the coastal transition zone remains limited.
The coastal transition zone is biogeochemically and physically
conducive for occurrences of eutrophication and hypoxia. Yet,
the dynamics arising from the interactions are physically and
biogeochemically complex, involving the integrations of estuarine
and shelf processes in two distinct regimes that are greatly impacted
by multiple stressors and the often non-linear cause–effect rela-
tionship of both natural and human ecology in different spatial
and temporal scales. This is particularly true from a quantitative
viewpoint.

Perspectives to closing the knowledge gaps

While the rapid development and spread of eutrophication and its
symptoms far beyond the pre-industrial natural baseline are exten-
sively evidenced, current measures to mitigate coastal eutrophica-
tion and associated hypoxia andHABs remain unsatisfactory due to
the major knowledge gaps in addressing the problem. We advocate
for a holistic approach to management and identify the following
aspects that are crucial to understand.

Tipping points and resilience
We suggest that ecosystem resilience and tipping points hold keys
to a holistic understanding of coastal ecosystems stressed by
eutrophication. The Baltic Sea tipping point showed us the often-
unpredictable non-linear degeneration of ecosystems in the man-
ner of complex system evolution. As summarized in this review, the
strength and synergistic effects of the multiple driving forces of
coastal eutrophication are dependent on regional geographic fea-
tures, economic, scientific and technological development, and
societal management. This suggests that a comprehensive under-
standing of coastal ecosystems from the viewpoint of a multi-scale
complex system composed of physical, biogeochemical, ecological,
and societal sub-systems is needed to disentangle their interactive
pathways and identify the strengths of the key nodes between sub-
systems. Coastal marine ecosystems are the first to respond to
eutrophication, hypoxia, and climate change, and their resilience
lays the foundation for the capacity of sustainable development.
Foremost, we need to identify the “early warning” indicators of
potential regime shifts in coastal ecosystems, for example, unusual
variations in biomass and biodiversity, by upgrading current
models to characterize and predict the non-linear changes under
multiple stressors, which is of great importance for the guidance of
societal risk management.
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Model development with inclusion of social-economic drivers
Coastal eutrophication and hypoxia involve not only coupled
physical-biogeochemical processes in the ocean, but also terrestrial
nutrient inputs that are intimately associated with human activities.
Land use, agriculture, sewage, and organic and inorganic pollutant
discharges from different socioeconomic sectors greatly control
nutrient discharge into the ocean. These human activities together
with a changing climate alter the land-atmosphere interface and
modulate regional atmospheric circulation and thus oceanic circu-
lation. To tackle coastal eutrophication and hypoxia and project
their trends, we need to consider regional ocean-land-atmosphere
Earth systems, and human activities as an integrated system. It is
obvious that such a complex system needs to be configured using a
modeling and forecasting platform that fully integrates our
understanding of complex coastal ecosystems, coupled physical-
ecosystem models, and regional earth system models that incorp-
orate human dimensions. This modeling platform with sufficient
spatiotemporal resolution simulates Earth’s surface processes
affecting the sources and sinks of freshwater, nutrients and pollu-
tants on land and is closely linked with atmospheric forcing and
with the buoyancy effects and the transformation and consumption
of biogeochemical substances in the ocean.

The land surface process is strongly linked with the atmosphere
through water, and energy fluxes, while the atmospheric deposition
of nutrients, wind forcing, and aerosol fluxes are connected with
ocean circulation and productivity. In the ocean, the biosphere
responds to the ocean transport and mixing of biogeochemical
substances and pollutants and feedback to the ocean ecosystem.
The impacts and feedback of climate and human activities are
embedded within different components in this regional earth sys-
tem modeling platform. Ideally, physiological parameters (e.g.,
μmax, Ks) from different phytoplankton functional groups should
be integrated to constraint model predictions. As an illustration,
Figure 6 shows such a modeling platform that is able to serve cross-

scale and interdisciplinary syntheses, diagnose and simulate key
processes, and prognose future changes as well as response-
feedback cross-examinations between natural ecosystems and the
human dimension. The assimilation of spatiotemporal observa-
tional data and machine-learning output into the platform can fill
information gaps and help to not only make reliable predictions of
biogeochemical cycles, ocean primary production, and the dynam-
ics of fishery resources (Subramanian et al., 2019), but also entire
regional Earth systems. Establishing such a regional earth system
model that couples the human dimension with the natural system is
of great value to integrate natural processes and human activities
and provide science-based outcomes for use in decision-making
process (Sinha et al., 2017; Hamilton et al., 2018).

Perspectives on solutions

Barriers and bridges towards abating coastal eutrophication have
been previously reviewed (e.g., Boesch, 2019), and solutions have
been proposed from the perspective of actionable science, account-
able governance, effective reduction in nutrient loads and measur-
able outcomes and adjustable strategies. Here we offer two crucial
approaches to put the closure of knowledge gaps into practice: a
more science-based and holistic index system and a life-cycle
nutrient footprint.

A more science-based and holistic index system
One of the essential components of abating coastal eutrophication
is to adequately monitor and assess its state both prior to and after
the remediation action selected under a defined policy (Boesch,
2019). The eutrophication index has thus been developed for
making harmonized assessments of marine eutrophication through
the assessment of several key criteria which detail the cause and
impact of increased nutrient delivery.Well-designed indexes of this
type can evaluate eutrophication in the Baltic Sea by considering
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Figure 6. Schematic view of a regional earth system-human activity modeling platform for diagnosing and prognosing eutrophication and hypoxia.
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nutrients, turbidity, algal blooms, benthic communities, and oxy-
gen levels and dividing the trophic state into five levels by using an
expert scoring system and the rule of ‘one out, all out’ (Andersen
et al., 2010). Another index system, OSPAR-CP, gives more con-
sideration to the human dimension and mechanisms of eutrophi-
cation, and evaluates nutrient enrichment and the direct and
indirect effects of eutrophication to reveal the trophic state. It also
shows the relationship between the ecological quality goals of
eutrophication abatement and nutrient inputs caused by human
activities (Axe et al., 2017). Developed byNOAA, ASSETS attempts
to take a comprehensive approach that considers management
effectiveness and extends its applicability to a number of coastal
regions. It adapts the chain reaction of Pressure-State-Response to
divide the whole ecosystem into three parts: a heuristic index of
pressure (Overall Human Influence), a symptoms-based evaluation
of state (Overall Eutrophic Conditions), and an indicator of man-
agement response (Definition of Future Outlook) (Bricker et al.,
2003). From these indexing systems, it is clear that a common
framework with an adaptive approach to regions and study sites
remains lacking. It must be pointed out that in many countries or
regions, such as in China, there is a lack of a thorough and
independent evaluation approach for the current state of eutrophi-
cation in marine systems. In some studies, methods from other
countries have been applied to China’s coastal areas without
adequate consideration of specific environmental settings (Xiao
et al., 2007). Current assessments of eutrophication in China, for
example, mainly depend on China’s seawater quality standards
whichmay not be fully applicable to estuarine systems and effective
to meet the management requirements (Yang et al., 2018).

Life-cycle nutrient footprint accounting
We also advocate for a life cycle nutrient footprint accounting to
best track the nutrient flows. Such a system, similar to carbon
footprint, devotes to representing the distribution of various nutri-
ent sources and evaluating the impact of socio-economic human
activities on the environment. The system allows decision makers
and stakeholders to develop targeted, locally tailored strategies
regarding nutrient emissions reduction through identifying hot
spots of likely point and non-point source pollution across the
coastal regions as well as identifying inefficiencies in the use and
handling of nitrogen and phosphorus across production sectors
and consumption styles. Attempts have as a matter of fact been
available towards establishment of such systems; for example for
specific production sectors (e.g., food) (Wang et al., 2018c) and for a
specific confined environmental setting (e.g., a submerged-cage
offshore aquaculture facility located in the tropical Caribbean)
(Welch et al., 2019). However, there is a lack of nutrient model
that encompasses the full lifecycle nutrient emissions of goods and
services. Existing nutrient models used to quantify the nutrient
pollution in rivers and coastal seas are usually on biophysical scales
or non-administrative scales (e.g., basin scales or grid scales), but
ignore the important socio-economic drivers (Chen et al., 2019). In
particular, the impacts of diverse consumption activities on nutri-
ent emissions have not been extensively studied, and the strong link
between consumption and nutrient emissions is unclear and vague.
Also, existing nutrient footprint inventories are widely used in
large-scale modeling (e.g., provincial data) yet lacking finer scales,
which induce the challenges of lacking localized parameters and
missing localized characteristics (Li et al., 2022).

Calling for a more sustainable use of our planet, the United
Nations (UN) 2030 Agenda for Sustainable Development with its
17 Sustainable Development Goals (SDGs) came into action in

2015. SDG 14 (Life belowWater) aims to “conserve and sustainably
use the oceans, seas and marine resources for sustainable
development.” Among the targets are to “by 2025, prevent and
significantly reducemarine pollution of all kinds, in particular from
land-based activities, including marine debris and nutrient
pollution” and more comprehensively, “by 2020, sustainably man-
age and protect marine and coastal ecosystems to avoid significant
adverse impacts, including by strengthening their resilience, and
take action for their restoration in order to achieve healthy and
productive oceans”. Yet the question of how to operationalize these
targets remains open. In order to adequately address the question of
how we can assess, secure, and improve ocean health and the
associated benefits for human health and well-being, it is essential
to construct a sustainable development index that is suited to
coastal areas. Several comprehensive tools for evaluating ocean
sustainability have been developed over the years, such as Ocean
Health Index, Ecosystem Health Assessment, Marine Biodiversity
Assessment(Borja et al., 2016; Wu et al., 2021). However, current
frameworks only partially focus on human society or marine envir-
onment. Efforts to examine the complex links between ocean and
human health are still rare, and approaches to integrating human
aspects beyond livelihoods and jobs (i.e., health and well-being)
into ocean-health definitions and assessments are often missing.
We need a more encompassing framework that integrates marine
ecosystem and human health and well-being, which is able to
provide a profound, holistic understanding of marine ecosystems
and their complex interdependencies with human societies. Our
aim is to provide both a conceptual and an operational framework
for evaluating sustainability of human-ocean nexus.

Finally, we argue that harnessing the power of partnerships
among stakeholders, the development of science breakthroughs,
and knowledge transfers to achieve effective integration of science,
governance and society are key elements to tackle the problems
raised and respond to the challenges/priorities identified for the
United Nations Decade (2021–2030) of Ocean Sciences for Sus-
tainable Development (“The Decade”). A project entitled “Coastal
Zones Under Intensifying Human Activities and Changing Cli-
mate: A Regional Programme Integrating Science, Management
and Society to Support Ocean Sustainability (Coastal-SOS)” (http://
coastal-sos.xmu.edu.cn/) is such an initiative in the framework of
the Decade actions. The project is partnering with multiple stake-
holders, including leading academic institutions, industry enter-
prises, non-profit foundations, and NGO/IGOs, from Eastern
Asian countries to facilitate the advancement of scientific under-
standing of critical coastal ocean issues centered around eutrophi-
cation. This will allow the translation of improved scientific
knowledge into practical solutions (including improved and inte-
grated management strategies), and empower industry stake-
holders to implement best practices in ocean resource usage.

One of the key components of the project is to establish a multi-
disciplinary integratedmodel between socioeconomic activities and
the marine environment (Figure 7), as the ability to capture the
feedback between human and natural systems in coastal regions.
This system could assess the contribution of socioeconomic drivers
to cumulative nutrient pollution growth in coastal areas. The
environmental extended multi-regional input–output model will
evaluate the impacts of production patterns and lifestyle changes to
the marine environment. The economic footprint analytical model
is able to quantify the direct economic losses (e.g., fishing stock
decline) due to deteriorations of marine ecology in coastal regions
and their cascading effects along economic production chains in
interior regions. Finally, the Inclusive Wealth Index framework
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comprehensively measures the performance of sustainability in the
coastal sites of interest.
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